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Introduction
Development of the new technologies allowed to the engineers to push the
performance of the integrated circuits to its limits. New generations of processors,
DSPs or FPGAs are able to process information with high speed and high
consumption or to wait in low power mode with minimal possible consumption.
This huge variation in power consumption and the short time needed to change from
one level to another, affect the specifications of the Voltage Regulated Module (VRM)
that supplies the IC. Nowadays, VRMs need to provide several voltage levels on the
output, to maintain low output voltage ripple in all conditions and to hold output
voltage within narrow band when big load steps occur.
There are many possible solutions to design VRM that will have desired
performance, but most common design include single-phase or multi-phase BUCK
converter with additional advance control. In order to achieve the desired
performance it is possible to modify the power stage or to improve the control. The
modification of the BUCK converter may include either change in output filter
and/or change of the switching frequency. Increasing the switching frequency
allows higher bandwidth of the control and smaller output filter for the same
application, but this will be penalized in efficiency due to higher switching losses.
On the other hand, reducing the switching frequency may lead to increment of
efficiency, but bigger output capacitor is needed to obtain similar output impedance
like in nominal case.
The second option to improve the system behavior is to improve the controller or to
provide extra energy at the output in some manner. Therefore, the ongoing research
trend in VRM design is directed to improve the dynamic response of the BUCK
converter by means of improving controller [1]-[5] or by introducing an additional
energy path to compensate the charge perturbation in the output capacitor [6]-[13].
The classical approach of improving the controller is increasing the bandwidth of the
regulator, thus increasing the reaction time and reducing the output impedance of
the VRM. On the other hand, this approach may result in instability of the system
due to the tolerances of the regulator components, temperature variations both of the
converter and regulator and due to aging effect.
In order to achieve higher robustness of the control, integration of low bandwidth
linear loop and high bandwidth nonlinear loop may be applied. Well known
nonlinear V2 control is presented [1]-[2], but it relays on sensing the output voltage
ripple, which is very small compared to the DC value of the output voltage. Control
techniques presented in [3]-[5] are reducing the transient time utilizing capacitor
current which contains information of load behavior, thus reducing the response
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time of the control. The output capacitor current measurement is based on the
noninvasive current sensor presented in [14].
On the other hand, the second possibility is to introduce another energy path to
compensate the charge unbalance of the output capacitor, thus reducing the transient
time and voltage overshoot/undershoot. The currently proposed solutions relay on
the charge-balance control techniques, and most of them do not control the
charging/discharging current of the auxiliary path [6]-[8], [11]-[13], which may lead
to high peaks of the auxiliary current. Additionally, the solutions presented in
[6]-[13] relay on the estimation of the transient time, which may result in additional
output voltage transient due to the non-zero output voltage error when the system is
returned to the linear mode. Furthermore, the detection of the load step is performed
observing the output voltage, so when it is detected, the error already exists.
The solution presented in this Master work utilize additional energy path given by
the Output Impedance Correction Circuit (OICC) that provides energy during the
transients. In steady-state main low switching frequency high efficiency BUCK
converter is providing the necessary energy to the load and the OICC is inactive.
When the transient occurs, the OICC is activated and it starts to inject or to extract
energy to the output in order to cancel the perturbation. This Master work presents
two concepts:
• C-multiplier concept and
• Current-cancelation concept.
The C-multiplier concept utilize additional energy path given by the OICC in that
manner that auxiliary current, injected/extracted trough this path is controlled to
have n-1 times higher value than the output capacitor current with appropriate
directions. In order to measure the output capacitor current, noninvasive current
sensor from [14] is used. The auxiliary current is controlled, so undesired current
peaks are avoided and, additionally, transient time behavior is initialized by
observing measured output capacitor current and it is terminated when the error of
the output voltage reaches zero. In this way, transient time is determined, so
problems with the transient time estimation error are also avoided.
On the other hand, when the Current-cancelation concept is applied, the OICC is
providing current that will cancel the output capacitor current, thus the output
voltage will stop to change its value. After, the output voltage error is canceled and
finally, the main BUCK converter current is modified that all energy is transferred
trough the main path. Like in previous case, the noninvasive current sensor [14] is
used to observe the output capacitor current, but in contrary with the C-multiplier
concept, exact measurement is not needed because the system needs only to know in
which band is current at the moment (higher or lower than predefined values). Also,
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transient time is determined, so again the problems of the additional transients are
avoided.
In the second chapter the Output Impedance Correction Circuit concepts are
presented. The first part is dedicated to the C-multiplier concept which is
additionally divided in Full C-multiplier and Partial C-multiplier. Further, the
simulations on the system level, performed with Simplorer, are presented. The second
part of the chapter presents the Current-cancelation concept with simulations.
Finally, some conclusions are given.
The third chapter is dealing with implementation of the Full C-multiplier concept.
Design considerations and simulations in SIMetrix/SIMPLIS and OrCAD Capture 10.3
are presented.
Experimental results of the system designed and built in the third chapter are
presented in the fourth chapter.
Finally, conclusions are presented in the fifth chapter.
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The Output Impedance Correction Circuit concepts
In this chapter the OICC concepts are presented. Synchronous BUCK converter with
current mode control (CMC) and with the OICC is shown on Figure 1. Depending
how the OICC is implemented, the energy transfer can be unidirectional (Figure 1a)
or bidirectional (Figure 1b). The first, unidirectional solution corresponds to a linear
regulator implementation of the current source, while the second corresponds to
bidirectional BUCK converter implementation with current mode control.

Figure 1: Synchronous BUCK converter with CMC and Output Impedance Correction Circuit a)
without and b) with energy recovery path
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Booth solutions penalize the overall efficiency, but it is depended on periodicity of
transients. The solution based on the Linear regulator as a current source is more
inefficient compared with Bidirectional BUCK solution, but the current source
sub-system is less complex and it is possible to obtain higher bandwidth than with
Bidirectional BUCK solution (limited by the switching frequency of the Bidirectional
BUCK converter). On the other hand, the Bidirectional BUCK converter has a higher
efficiency with possibility of energy recovery, but it needs an additional inductor
that cannot be easily integrated.
From the control point of view, the implementation of the OICC does not have a big
influence. As it is shown on Figure 1, the system is composed of synchronous BUCK
converter with slow regulator that can be modified, the OICC that behaves like
controlled current source and the system control. The system control can activate
and deactivate the OICC and it also gives the reference of the desired output current
of the OICC. Additionally, it can modify the main BUCK converter regulator in order
to maintain stability in all possible conditions.
For both concepts, C-multiplier and Current-cancelation concept, the steady-state
behavior is the same: the OICC is inactive; all energy is transferred trough the main
BUCK converter and it is behaving like a voltage source and the system control is
observing the output capacitor current to initialize the transient routine when load
step occurs. In this manner, by observing the output capacitor current, the system
reacts nearly instantaneously on the load perturbation, since the output capacitor
current is the fastest variable in the system that sees this perturbation. If the load step
has small amplitude (in both directions), the system control will ignore this transient
and the main BUCK regulator will cancel the disturbance. On the other hand, if the
amplitude is sufficiently high, the transient routine will start. This behavior of the
system is achieved by defining the band of the output capacitor current in which the
main BUCK regulator can control the output voltage without assistance of the OICC.
When the load step amplitude is sufficiently high, the transient routine starts and the
OICC is providing the current in the output node depending on the applied concept.

I.

C-multiplier concept

The C-multiplier concept utilizes the OICC in that manner that the OICC
inject/extract current in the output node that is n-1 times bigger than the output
capacitor current with corresponding directions. This behavior of the OICC virtually
increases the output capacitance n times during the transients, thus reducing the
output impedance by the same factor. The main advantage of this approach is that
smaller capacitor can be used, which means smaller cost, higher quality capacitance
with higher resonant frequency. Furthermore, there is possibility of integration of the
capacitor on the same chip with power converter and the OICC. On the other hand,
main drawbacks are increased complexity of the system and lower overall efficiency.
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Block diagram of the C-multiplier system is presented in Figure 2 and it applies both
concepts (Full and Partial C-multiplier). Like in Figure 1, the system is composed of
the main BUCK converter with slow regulator that can be modified, the OICC that
behaves like controlled current source, but the system control is now divided into the
analog part that gives the reference to the OICC and the digital part that observes the
states variables of the system and controls the main converter regulator and the
OICC.
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Figure 2: The C-multiplier concept a) without and b) with energy recovery path

Since the goal is to virtually increase the output capacitance by factor n, the analog
reference is the value of the capacitor current multiplied by factor n-1. The control
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block will allow that OICC injects/extracts that current only in the certain states of
the transient routine. At the same time, in order to maintain the stability of the
system, the control modifies the main converter regulator.
From the hardware point of view, both Full and Partial C-multiplier concepts are the
same, but depending on the state machine implemented into the digital part of the
system controller, the system will operate differently.

Full C-multiplier concept

Figure 3: Full C-multiplier concept – general waveforms: load step transitions with (solid) and without
(dotted) the OICC

In Figure 3 the ideal transition routine behavior for the Full C-multiplier concept is
presented. The waveforms with OICC are presented with the solid line and without
the OICC are presented with dotted line. In the steady state operation, the OICC is
turned off and the small load variations are regulated with low bandwidth regulator.
The system controller observes the output capacitor current and, when the
amplitude of the load current, thus the output capacitor current is out of the
predefined band, OICC is activated and correction of the output impedance starts.
The system controller, which is implemented like the state machine, presented in
Figure 4, is triggered by the output capacitor current in moment t0 and the system
goes to the ZOUT Correction state (ZC in Figure 3). In this state, OICC is providing n-1
times more current than output capacitor, thus reducing the amount of charge
extracted/injected from/to the output capacitor. As a result voltage perturbation is
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smaller. In order to end the ZOUT Correction state, the system controller is observing
the output voltage error signal. When the error changes the sign in moment t1, the
output voltage is equal or close to the voltage reference and that event triggers the
system controller which returns the system back to the Idle state.

Figure 4: Full C-multiplier concept – the state machine

During the Idle state, output capacitance is C, but the during the ZOUT Correction state,
the equivalent capacitance is n·C. This affects the CMC Buck converter averaged
model by moving the pole closer to the origin with the factor 1/n. Therefore, in order
to maintain stability of the system in both states of operation, regulator modification
is necessity. The regulator is modified that the bandwidth of the Buck converter
loop-gain remains the same with similar phase margin.

Stability analysis
In order to obtain stability, the average model of the main BUCK converter with
CMC is derived and it is presented in Figure 5. Depending on which CMC control is
applied (average, peak or hysteretic window), the model will behave differently in
high frequency part of the spectrum, but in low frequency part the model can be
simplified to the first order system where the reference, given by the regulator, is the
current injected by controlled current source, shown in Figure 5.
The loop gain of the system is given by

L( s ) =

1 + s esr C
R( s)
sC
.

(1)

If the zero defined by the equivalent series resistance (esr) and the output capacitance
is high enough due to the small values of esr and output capacitance, it can be
ignored and the loop gain can be modified to

L( s ) =

1
R(s)
sC
.

(2)
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Figure 5: Averaged model of the CMC BUCK converter with control loop

Since the transfer function of the converter and the regulator have a pole in origin,
the regulator needs to have one zero to increase the phase margin. This implies that
the regulator needs to be either type two or type three, given by equations

R(s) = A

1+

s
z

s

s
z
R(s) = A

s
s1 + 
p


(3)

1+

(4)

respectively. In further analysis the type two regulator is assumed, but the same
conclusions can be applied for type three regulator.
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Figure 6: Normalized loop gain of main BUCK converter

Normalized loop gain of the system is presented in Figure 6. By adjusting the zero
and the gain of the regulator, desired crossover frequency and phase margin are
obtained.
When the transient routine starts and the system changes its state to ZOUT Correction
state, the averaged model remains the same, but the output capacitor is n times
larger. This modification reduces the loop gain by factor n, but since the poles and
the zero are not modified, the phase margin is reduced and instability may occur.
Modified loop gain is given by

L( s ) =

1
A
R( s) =
s nC
s nC

1+
s

s
z.

(5)

Comparison of the loop gains are presented in Figure 7. When the output capacitor is
virtually increased by factor 10, the phase margin is reduced approximately 45
degrees and crossover frequency is pushed on lower frequencies (depending on the
position of the zero). This will affect the time response by introducing a higher
overshoot (low phase margin) and longer settling time (smaller bandwidth).
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Figure 7: Full C-multiplier – Normalized loop gain of main BUCK converter with inactive (blue) and
active (green) OICC

In order to obtain the same behavior like in nominal case with smaller output voltage
overshoot/undershoot, the modification of the main converter regulator is
performed when the system goes to ZOUT Correction state. The modification needs to
obtain the same loop gain characteristics like in nominal case. That implies that
position of the zero should not be changed so the same phase margin can be
achieved with the same crossover frequency.
Desired characteristic can be achieved by simply increasing the regulator gain by
factor n. The loop gain is given with

L' ( s ) =

1
nA
R' ( s) =
s nC
s nC
L' ( s ) =

s
z = 1 R( s) .
s
sC

1+

1
R( s) .
sC

(6)

(7)

The equation (7) is equal to the equation (2), thus the loop gain characteristics are the
same and they are presented in Figure 6.
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On the other hand the output impendence, initially given by

1
sC (1 + L(s ))

(8)

Z ( s)
1
= OUT
.
snC (1 + L(s ))
n

(9)

Z OUT ( s ) =
is modified to

Z 'OUT ( s) =

Angle( Zout (j 2π f / fc))

| C·Zout (j 2π f / fc)| [dB]

Equation (9) shows that initial output impedance is reduced by factor n what was the
goal of the C-multiplier concept. The output impedance is presented in Figure 8. It
can be seen that the amplitude characteristic is 20 dB (n=10) lower than in initial case.

Figure 8: Full C-multiplier – Normalized output impedance of main BUCK converter with inactive
(blue) and active (green) OICC
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System level simulation
In order to verify the full C-multiplier concept, simulations are performed using
Simplorer. The Synchronous BUCK converter has 5V input voltage, 2V output
voltage, 5.6 µH inductor, 22 µF output capacitor and n factor is 10. The BUCK
converter is driven using Hysteretic Window Current mode control (HW-CMC) in
that manner that in steady-state has 300 kHz switching frequency. The main
converter regulator is designed to have 20 kHz loop-gain bandwidth with phase
margin higher than 60° in both states of operation.

Figure 9: System without the OICC – Simplorer transient simulation: Load step-up

In order to present the improvement, the system is simulated without the OICC and
results are presented in Figure 9 and Figure 10 for load step-up and load step-down,
respectively. It can be seen in the figures that the voltage overshoot/undershoot are
more than 50% of nominal value, which is unacceptable for any load.
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Figure 10: System without the OICC – Simplorer transient simulation: Load step-down

In contrary to the waveforms presented in Figure 9 and Figure 10, the waveforms
with active OICC that works by full C-multiplier concept are presented in Figure 11
and Figure 12 for load step-up and load step-down, respectively.
The first thing that is seen is that the output voltage overshoot/undershoot is
drastically reduced and the amplitudes are approximately 110 mV (compared to the
initial 1 V). The waveforms from the Figure 11 and Figure 12 are in good agreement
with the ideal waveforms presented in Figure 3. When the load step occurs the
system enters the ZOUT Correction state and system control activates the OICC. The
main converter regulator sees bigger capacitance, but the shapes of the waveforms
are the same like in Figure 9 and Figure 10, since the frequency characteristics are the
same.
In order to perform those simulations, the OICC is implemented like the Linear
regulator, but similar results are obtained in a case when it is implemented like
high-switching frequency Bidirectional BUCK converter with CMC.
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Figure 11: Full C-multiplier concept – Simplorer transient simulation: Load step-up

Figure 12: Full C-multiplier concept – Simplorer transient simulation: Load step-down

Synchronous BUCK converter with Output Impedance Correction Circuit

The Output Impedance Correction Circuit concepts

23

Partial C-multiplier concept
Full C-multiplier concept, presented above, solves the problem of large voltage
overshoot/undershoot by virtually increasing the output capacitor. As it is
mentioned, the OICC injects/extracts the current to/from the output node only
during the transient routine, so the losses, introduced by the OICC, are depended on
the frequency of the load steps.
Efficiency of the system can be increased additionally by applying the Partial
C-multiplier concept. Observing the transient waveforms of the main BUCK
converter without the OICC (Figure 9 and Figure 10), the transient may be divided in
two parts. The first part of the transient is when the main BUCK converter is not
providing enough energy to the load, for the step-up transient, or it is providing
more energy than needed, for the step down transient. The difference of the energies
(provided by the BUCK and demanded by the load) is taken from the output
capacitor, for the step-up transient, or it is stored in the output capacitor, for the step
down transient. This energy unbalance affects the output voltage error to deviate
from zero. During this first part of the transient the regulator is trying to set the
reference of the inductor current in order to equalize the energies provided by the
converter and demanded by the load. This period is finished when those energies are
equal. At that moment the output capacitor current is equal to zero and the output
voltage error has maximum deviation. Now, the second part of the transient starts
and it is finished when the output voltage error is returned to zero, thus the system
enters new steady-state. During the second part of the transient, the regulator is
recovering the output voltage by adding the same amount of energy taken during
the first part of the step-up transient or removing the same amount of energy stored
during the first part of the step-down transient.
As it is presented above, in the first part of the transient, the inductor current is
trying to reach the new value of the load current, so the difference of those two
currents is provided from the output capacitor. Ideally, this period should be as short
as possible or the amount of charge extracted/injected from/to the output capacitor
should be as small as possible. The Full C-multiplayer concept is reducing the output
voltage overshoot/undershoot applying the second approach.
The second part of the transient is dedicated to the recovery of the output voltage.
The inductor current has reached the new value of the load current, but it is
continuing to change the amplitude in the same direction so the capacitor current
changes its sign and starts to extract/inject the charge from/to the output capacitor
in order to cancel the output voltage error. At the end of the transient the average
value of the capacitor current is equal to zero and the system enters into the new
steady-state. The duration of this part of the transient depends on the regulator, as it
depends on the maximal output voltage error. If the error is in desired band, this
part of the transient may not be critical. As it is mentioned, the border between those
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two parts of the transients is when the inductor current reaches the value of the load
current. At that moment the output capacitor current is equal to zero and the output
voltage gradient is also equal to zero.
Full C-multiplier concept utilizes the OICC during the whole transient. In the first
part it reduces the amount of charge extracted/injected from/to the output
capacitor, thus improving the performance of the system. On the other hand, during
the recovery phase of the transient, the OICC is also active, so it takes the n-1 parts of
the energy provided by the inductor for the output voltage recovery. This energy is
processed by the OICC so additional losses are introduced. Furthermore, depending
how the OICC is implemented, this energy may be completely wasted if the linear
regulator is used or it can be partially returned to the source in the case of
Bidirectional BUCK converter.

Idle ZC

LC

Idle

ZC

LC

Idle

vOUT

iL
iLOAD
iAX
iC
t0 t1

t2

t0 t1

t2

Figure 13: Partial C-multiplier concept – general waveforms: load step transitions with (solid) and
without (dotted) the OICC

Partial C-multiplier concept tries to improve the efficiency by deactivating the OICC
in the recovery part of the transient. The ideal transition routine is presented in
Figure 13. Similarly to the Full C-multiplier concept, the system controller is
observing the output capacitor current and when the load step with sufficiently high
amplitude is detected in moment t0, the system enters the ZOUT Correction state, the
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OICC is activated and the main converter regulator is modified. As it can be seen
from the Figure 13 the output capacitor current is instantaneously reduced by factor
n (purple), while the OICC is providing n-1 times larger current (green). The output
capacitor is again virtually increased by factor n and the output voltage
overshoot/undershoot is reduced by the same mechanism presented in Full
C-multiplier concept. The main regulator is reducing the difference between the
output current and the inductor current, thus the capacitor current is approaching to
zero. When the output capacitor current reaches zero, in the moment t1, the transient
is on the border of the two parts. The system controller detects the zero-crossing and
deactivates the OICC and the system sees nominal value of the output capacitor. At
that moment, the output voltage error is at its highest value, so modification of the
regulator at that moment may create the step in the inductor current reference, thus
introducing instability of the output voltage.
In order to avoid the problem, additional state is introduced into the state machine,
shown in Figure 14. After the zero-crossing of the output capacitor current, the
system enters the Loop-correction state. In that state the regulator is still modified but
the output capacitor has its nominal value, so the system has additional constrain
from the point of view of stability which will be addressed later.
The system remains in the Loop-correction state until the output voltage error changes
its sign in the moment t3. Then the system it is returned to the Idle state and the
regulator is returned to its basic configuration. During the Loop-correction state there
is possibility of another load step, so the system can return to the ZOUT Correction
state if the output capacitor current is again above the predefined threshold, like it is
shown in Figure 14 with transition 4. During the transient routine, the system takes
path Idle state - transition 1- ZOUT Correction state – transition 2- Loop Correction state transition 3 - Idle state. Transition 4 is used only if additional load step occurs during
the transient routine.

sign(iC(n)) ≠ sign(iC(n-1))

ZOUT
Correction

2
|iC|>ICtreshold

1
|iC|>ICtreshold
IDLE

4

Loop
Correction

3
sign(vOUT(n)-VREF) ≠ sign(vOUT(n-1)-VREF)

Figure 14: Partial C-multiplier concept – the state machine
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Energy saving analysis
In order to compare Full and Partial C-multiplier concept, the losses in the OICC are
analyzed during the transients and the saving factor is derived. The saving factor
(SF) is defined as
Partial Cmul
EOICC
Loss

SF =
where

(10)

Full Cmul
EOICC
Loss

Partial Cmul
EOICC
is the energy lost in the OICC during the transient routine with
Loss

Partial C-multiplier concept applied, while

Full Cmul
EOICC
Loss is the energy lost in the OICC

during the transient routine with Full C-multiplier concept applied. Since the
transient routine is divided in two parts, the energies can be defined as
Partial Cmul
1stPart
E OICC
= EOICC
Loss
Loss

(11)

Full Cmul
1stPart
2 ndPart
EOICC
Loss = E OICC Loss + E OICC Loss

(12)

where

1stPart
EOICC
Loss is the energy of losses in the OICC during the first part of transient,

while

2 ndPart
EOICC
Loss is the energy of losses in the OICC during the second part of

transient.
By implementing (11) and (12), equation (10) can be modified to

SF =

1stPart
EOICC
Loss
1stPart
OICC Loss

E

+E

2 ndPart
OICC Loss

1

=
1+

2 ndPart
OICC Loss
1stPart
OICC Loss

E

(13)
.

E

The SF will depend on how the OICC is implemented (with or without recovery
path) and what transient occurred, since the losses for the Partial C-multiplier
concept depend on the direction of energy.
As it is mentioned above, the energy stored/taken in/from the virtual output
capacitor during the first transient is equal to the energy that is taken/stored during
the second part of the transient. This energy can be divided as

E = ∆E C + EOICC

(14)
.
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Since, the OICC is providing n-1 times more current than the output capacitor, the
energy processed by the OICC ( EOICC ) is also n-1 times bigger than the change of
the capacitor energy ( ∆EC ).
Depending how the OICC is implemented (with or without energy recovery path)
and what transient is analyzed, the SF will be different.
In the case of the implementation of the OICC with energy recovery path, it is
necessary to define efficiencies of the Bidirectional BUCK converter in both
directions. When the OICC is taking the energy from the source and providing it to
the output node, the efficiency is defined as

η S →L =

EOICC
EOICC + E LOSS

(14)

where EOICC is energy injected in the output node and E LOSS is lost energy during
the processing. On the other hand, when the energy is taken from the output node
and returned to the source, the efficiency is defined as

η L→S =

EOICC − E LOSS
EOICC

(15)

where EOICC is energy that enters the OICC and again E LOSS is lost energy during
the processing.
Having on mind equations (14) and (15), the energy of the losses during the first and
the second part of the transient routine can be derived. In the case of step-up
transient, energy is provided in the output node. In that case, energy of the losses is
given by

 1

1 − ηS → L
1 Part
ELOSS
= EOICC 
− 1 = EOICC
ηS → L .
 ηS → L 

(16)

This energy is lost in both concepts, since the OICC is active. For the Partial
C-multiplier concept, this is all the energy that is lost because the OICC is inactive
during the second part of the transient routine. For the Full C-multiplier concept,
additional energy is lost during the recovery phase when the energy is returned to
the source. The losses are given by
2 Part
E LOSS
= EOICC (1 − η L→S )

(17)
.
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The SF for the case of energy recovery and load step-up can be derived and it is
given by
En Re c
SFstep
− up =

1

1+

(1 − η L→S )η S → L
1 − η S →L

(18)
.

In the case of the step-down transient, the same amount of energy is lost for the Full
C-multiplier concept with the difference that in this case energy is firstly taken and
then injected in the output node during the first and second part of the transient,
respectively. Energy of the losses in the case of the Partial C-multiplier concept is lost
during the first part of the transient, when the OICC is taking the energy from the
output node and returning it to the source and it is given by
1Part
E LOSS
= EOICC (1 − η L→S )

(19)
.

Again, the SF for the case of energy recovery and load step-down can be derived and
it is given by
En Re c
SFstep
− down =

1
1 − η S →L
.
1+
(1 − η L→S )η S →L

(20)

Equations (18) and (20) are depending on the efficiency of the Bidirectional BUCK
converter and in both cases the SF is smaller than 1, which means that smaller
amount of energy is lost, thus the efficiency is increased
On the other hand, in the case when the OICC is implemented without energy
recovery path, the lost energy is drastically increased. Since this type of the
implementation is done with linear regulator as controlled current source, the
equations when it is providing or taking energy are different then equations
presented above.
In the case of the step-up transient, the energy that is given from the source to the
output node is

V

= ∫ i AX (V IN − vOUT )dt = ∫ v OUT i AX  IN − 1 dt
 vOUT

t0
t0
t1

E
where

1 Part
LOSS

t1

(21)

i AX is the current provided by the OICC, vOUT the output voltage and VIN

the input voltage. Since the average value of the output voltage is bigger than its
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deviation, it can be assumed that the ratio of the input voltage and the output
voltage is relatively constant, so equation (21) can be written as

V
1
V

1 Part
E LOSS
=  IN − 1 ∫ vOUT i AX dt =  IN − 1 E OICC
 VOUT
t0
 VOUT

t

(22)

where EOICC is again energy provided by the OICC. This is all energy that is lost for
the Partial C-multiplier concept, while during the second part of the transient,
additional losses are introduced for the Full C-multiplier concept. During the step-up
transient, the same amount energy is taken from the output node and it is converted
to losses, so
2 Part
E LOSS
= EOICC

(23)
.

The SF can be derived and it is
noEn Re c
SFstep
=
− up

1
VOUT
.
1+
VIN − VOUT

(24)

On the other hand, during the step-down transient, in the first part for both concepts,
all the energy is converted into losses. On the other hand, during the second part of
the transient for Full C-multiplier concept energy is provided in the output node by
the OICC. Since the mechanism how the losses are created is the same like in the first
part of the transient during the load step-up, equations (21) and (22) are valid, thus
the losses are given by

V

2 Part
E LOSS
=  IN − 1 EOICC
 VOUT


(25)

Again, SF can be derived and it is
noEn Re c
SFstep
− down =

1
V − VOUT .
1 + IN
VOUT

(26)

The equation (18), (20), (24) and (26) are giving the quantitative value how much
energy is lost by applying the Partial C-multiplier concept instead of Full
C-multiplier concept. Furthermore, for both concepts averaging can be applied in
order to obtain the mean value of SF for both step-up and step-down transient and it
is given by
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noEn Re c
En Re c
SFavrage
= SFavrage
=

1
2.

(27)

The equation (27) shows that Partial C-multiplier concept reduces the energy of
losses in the OICC by half to the respect of Full C-multiplier concept.

Stability analysis
Applying the Partial C-multiplier concept, the system passes through three states
and, in order to maintain stability during it operation, it needs to be stable in all three
states. The first two, Idle and ZOUT Correction states, are analyzed in the part of the
chapter dedicated to the Full C-multiplier concept. As it is said, during the ZOUT
Correction state the main converter regulator needs to be modified to obtain the same
frequency characteristic. The loop gain and the output impedance in the ZOUT
Correction state are given with equations (7) and (9), respectively, and their frequency
characteristics are plotted in Figure 7 and Figure 8, respectively.
In order to avoid instability due to the main regulator modification with high output
voltage error, the new Loop Correction state is introduced. In this state, the main
regulator has modified gain like in the ZOUT Correction state, but the output capacitor
has its nominal value. In this case the loop gain is given with

L' ' ( s ) =

1
nA
R' ( s) =
sC
sC

s
z = n R( s) .
s
sC

1+

(28)

The equation (28) shows that the position of the poles and the zeroes are the same
like in previous cases, but the gain is now increased by the factor n. Comparison of
loop gains of all states is shown in Figure 15. The Idle and ZOUT Correction states have
completely the same characteristic, while the loop gain of the Loop Correction state
has higher bandwidth and bigger phase margin in the case of type two regulator.
Depending on which CMC control is applied and on the factor n, the bandwidth may
be increased above the switching frequency of the main BUCK converter, so this
needs to be taken under the consideration during the design of the regulator. In the
case of hysteretic window CMC, this effect will not create instability, but, due the
ripple propagations thought the regulator, the switching frequency will be modified.
Furthermore, the output impedance of the system is also modified and given with
equation

Z ' 'OUT ( s) =

1
(1 + L(s )) .
= Z OUT ( s)
sC (1 + nL(s ))
(1 + nL(s ))

(29)

Equation (29) shows that the output impedance in the Loop Correction state will have
three segments in the frequency domain. The first segment is in the low frequency
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Angle(L (j 2π f / fc))

| C· L (j 2π f / fc)| [dB]

area when both nominal and modified loop gains have big amplitude. In this case
the amplitude characteristic will be the same like in ZOUT Correction state. In the high
frequency area of the spectrum, where the both loop gains are small, the output
impedance will behave like in nominal case. The last area is between the crossover
frequencies of nominal and modified loop gain and it presents transition zone. The
comparison of normalized output impedances is presented in Figure 16, where all
three segments are shown.

Figure 15: Partial C-multiplier – Normalized loop gain of main BUCK converter with inactive (blue)
and active OICC in ZOUT Correction state (green) and Loop Correction state (red)
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Figure 16: Partial C-multiplier – Normalized output impedance of main BUCK converter with inactive
(blue) and active OICC in ZOUT Correction state (green) and Loop Correction state (red)
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System level simulation
In order to verify the partial C-multiplier concept, the system level simulations,
using Simplorer, are performed. For the purpose of achieving valid comparison
between two concepts and the main BUCK converter without the OICC, the same
specifications are used like in previous section.
The waveforms of the main voltages and currents are presented in Figure 17 and
Figure 18 for load step-up and step-down, respectively. When the transient occurs,
the system enters the ZOUT Correction state and behavior is the same like in the Full
C-multiplier concept. The output voltage undershoot/overshoot is again around
110mV and the maximum deviation is reached after the same period of time. At that
moment the output capacitor current reaches zero and the system enters the Loop
Correction state. The OICC is deactivated and recovery phase starts.
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Figure 17: Partial C-multiplier concept – Simplorer transient simulation: Load step-up

When the output voltage reaches the reference, the system is returned to the Idle state
and the main converter regulator is restored to its nominal values. The additional
transient occurs when the system goes back to the Idle state and it is highlighted both

Synchronous BUCK converter with Output Impedance Correction Circuit

The Output Impedance Correction Circuit concepts

33

in Figure 17 and Figure 18. This settling transient occurs due to regulator change
with non-zero output voltage error. When the output voltage reaches zero, the mean
value of the output voltage is still not equal to the reference, so the main converter
regulator sees non-zero error. In that moment the regulator is returned to its basic
configuration. This modification affects the inductor current reference, thus the
settling transient occurs. The amplitude of the deviation is around 60mV, therefore
the first transient is still dominant and it determines the maximal deviation of the
output voltage.
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Figure 18: Partial C-multiplier concept – Simplorer transient simulation: Load step-down

II. Current-Cancelation concept
The Current-Cancelation concept is the second concept presented in this Master
work. This concept utilize the OICC in semi-linear manner in order to reduce
transient time, thus reducing the voltage overshoot/undershoot.
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The Current-Cancelation concept block diagram is presented in Figure 19, which
corresponds to generic block diagram shown in Figure 1 with the difference that
system control block is presented in more detail.

Figure 19: The C-multiplier concept a) without and b) with energy recovery path

Depending how the OICC is implemented, it can be distinguished two topologies:
without and with energy recovery path presented in Figure 19a) and Figure 19b),
respectively. The system is composed of the main BUCK converter with CMC and
low bandwidth regulator that can be modified, the OICC, the high bandwidth
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regulator that can also be modified and system control that is able to modify the
reference of the OICC and also to turn on/off the parts of the system.
Idle CCa

VC

CCo

Idle CCa

VC

CCo

vOUT

iL
iLOAD
iAX
iC
t0 t1

t2

t3

t0 t1

t2

t3

Figure 20: The Current-Cancelation concept – load step transitions

The ideal transient waveforms are presented in Figure 20. Like in the C-multiplier
case, in steady state the main BUCK converter is providing all the energy to the load
and the output voltage is controlled by the main converter regulator. The system is
in the Idle state of the state machine, presented in Figure 21. The system controller
observes the output capacitor current. The OICC is inactive and its reference, i*AX on
Figure 19 is set to be zero. When the load step with sufficient amplitude occurs in
moment t0, the transition routine is initialized and the system enters Current
Cancelation state (CCa in Figure 20).
In the moment t0 the difference of the inductor current and the load current is
provided by the output capacitor, so in the Current Cancelation state system is trying
to cancel the capacitor current as fast as possible in order to reduce the output
voltage overshoot/undershoot. The system controller frizzes the main converter
inductor current reference, thus converting the main converter into the constant
current source with the value of the current that it had in the moment t0. Further, it
activates the OICC and increases/decreases its reference with maximal slope that the
OICC can follow. In the case of the Bidirectional BUCK converter the slope is set to
be approximately 90% of the maximal slope of the inductor current and it is given by
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V − VOUT
d +
i AX = 0.9 ⋅ IN
dt
L
V
d −
i AX = −0.9 ⋅ OUT
dt
L

(28)

for the positive and negative slope, respectively. In the case of Linear regulator
implementation of the OICC, the slope is defined with the bandwidth of the Linear
regulator loop gain.
Additionally, during the Current Cancelation state the OICC regulator is still inactive.
Modification of the OICC reference affects the output capacitor current and it starts
to reduce its value.
The moment t1 is defined when the output capacitor current reaches zero, so when
that occurs the new interval starts. At that moment the output voltage stops to
change its value and the system goes to Voltage Cancelation state (VC in Figure 20).
The main converter is still operating as the constant current source. The OICC
reference, given by the system controller is frozen and the OICC regulator is
activated in order to cancel the output voltage error. When the error is canceled, in
the moment t2, the system again changes its state and goes to Current Correction state
(CCo in Figure 20).

Figure 21: The Current-Cancelation concept – the state machine

From the point of view of the load, the transient is over since the output voltage is
returned to its nominal value. Part of the energy is now provided by the main
converter and the rest is provided by the OICC. The last, Current Correction state is
used to shift energy transfer back to the main converter by modifying both current
references (i*L and i*AX) in that manner that the OICC reference goes toward zero and
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the inductor current reference goes into the opposite direction from the auxiliary
current of the OICC. Both references are modified with the same slope which is
predefined and it depends on the maximal slope that can follow the inductor current.
The moment t3, is defined when the OICC current reaches zero, so when that
situation occurs the transient routine is finished and the system is returned back to
the Idle state. At the moment t3, all energy transfer is performed by the main BUCK
converter. The system is returned back to the Idle state, the main converter regulator
is activated, the OICC and its regulator are deactivated and the OICC current
reference is cleared. Usual path during the transition routine is Idle state - transition 1
- Current Cancelation state – transition 2 - Voltage Cancelation state - transition 3 Current Correction state - transition 4 - Idle state.
If additional load step occurs during the transition routine system can go to the
Current Cancelation state using transition 5 or transition 6 and it can start the
sequence again. The currents and voltages waveforms, shown on Figure 20 are not
realistic as the moments t0, t1 and t2, are close one to another since the goal is to
perform current and voltage cancelation as soon as possible and the periods are
depended on the dynamic performance of the OICC. On the other hand, the moment
t3 is relatively distant from the first three and it depends on the amplitude of the load
step and the maximal slope that the inductor current can follow.

System level simulation
In order to verify the full Current Cancelation concept, simulations are performed
using Simplorer. Again, the same Synchronous BUCK converter is used in order to
perform the comparison with C-multiplier concept.
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Figure 22: The Current-Cancelation concept – Simplorer simulations: Load step-up – full transient
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In Figure 22 the currents and voltages are presented for the whole transient routine
during the load step-up. It can be seen that the Current Cancelation state and Voltage
Cancelation state are finished in extremely short period of time with negligible
voltage undershoot. Also, Current Correction state is shown when the OICC current
(IAX) is decreased and the inductor current is increased. The moment when the OICC
current reaches zero the transient routine is finished. The additional settling transient
occurs because of the slops differences between the OICC current and the inductor
current. Additionally, the end of the transient routine, as it is mentioned above, is
defined when the auxiliary current reaches zero. Since the OICC regulator is active
during Current Correction state it tries to cancel the low frequency ripple of the
output voltage created by the main BUCK converter, so the main converter ripple is
reflected in the auxiliary current of the OICC. Depending on the timing, the transient
routine may be finished when the inductor current has non-zero deviation from the
reference, thus the mean value of the inductor current is not equal to the load
current. This difference will be seen by the system like the load step so the settling
transient starts in order to compensate that deviation.
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Figure 23: The Current-Cancelation concept – Simplorer simulations: Load step-up – start of the
transient, Current Cancelation state
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In Figure 23, Current Cancelation state and Voltage Cancelation state are presented for
the load step-up transient routine. The output voltage undershoot is less than 3 mV
and it is defined by the equivalent series resistance (esr) of the output capacitor. The
OICC current is raised rapidly to prevent charge extraction from the output
capacitor. Further, the system enters Voltage Cancelation state and the output voltage
is returned back to the nominal value. Current Correction state is not presented.

Figure 24: The Current-Cancelation concept – Simplorer simulations: Load step-down – full transient

Figure 24 and Figure 25 present the transient routine during the load step-down.
Similarly to the load step-up routine presented in Figure 22, Figure 24 shows that
Current Cancelation state and Voltage Cancelation state are finished rapidly with
negligible voltage overshoot and that the main part of the transient routine is spent
on the Current Correction state. Again, when the energy transfer is done, additional
settling transient occurs for the same reason like in the case of the load step-up
routine. In Figure 24 the worst case settling transient is presented since the deviation
of the inductor current is at its maximal value ( ∆i L
same like if the load step with amplitude
the OICC.

/ 2 ). This settling transient is the

∆i L / 2 would occur in the system without

Current Cancelation state and Voltage Cancelation state are presented in Figure 25.
Again, the output voltage deviation is less than 3 mV. Further, the shape of the
output voltage is also determined by esr. Compared with load step-up transient
routine, in the case of step-down the system is longer in the first two states
(approximately 300 ns, while in the step-up case it last less than 100 ns).
In both cases, for the load step-up and step-down, the settling transient becomes
dominant, so the maximal deviation is defined by theirs amplitudes. In the worst
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case, presented in Figure 24 the maximal deviation is shown with amplitude of
100mV. Still, compared with initial deviation of 1V, the system is improved by
factor ten.
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Figure 25: The Current-Cancelation concept – Simplorer simulations: Load step-down – start of the
transient, Current Cancelation state

III. Conclusions
In this chapter two novel concepts are presented for improving the dynamic
behavior of Synchronous BUCK converter with auxiliary energy path provided by
the OICC. The concepts are analyzed and design constrains are shown. Depending
on the applied concept, the mechanism how the system is improved is different.
The C-multiplier concept utilizes the OICC in order to virtually increase the output
capacitor, thus reducing the output impedance of the system. The consequence is
that the output voltage overshoot/undershoot are reduced. Since the frequency
characteristics are the same compared to the basic system without the OICC, the
duration of the transient is the same in both cases. Additionally, the C-multiplier
concept is divided into the Full and Partial C-multiplier concept. The first, Full
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C-multiplier concept has simpler implementation and stability considerations. On
the other hand, Partial C-multiplier concept increases efficiency by reducing the
period of time when the OICC is active and processing energy. In contrary with
C-multiplier concept, Current-Cancelation concept utilizes the OICC in order to
reduce transient time thus reducing the output voltage overshoot/undershoot. The
improvement is penalized in complexity of the system controller, but the
performance is drastically increased.
Simulations of both concepts show superiority of both approaches. The C-multiplier
concept reduces the output voltage overshoot/undershoot to 110mV from the initial
1V with the same transient time. On the other hand, Current-Cancelation concept
shortens the transient time less than 1µs, achieving that the output voltage
overshoot/undershoot is around 3mV. The drawback of both concepts is that system
enters additional settling transient when the transient routine is finished. This
settling transient becomes dominant in the case of Current-Cancelation concept, thus
the maximal deviation can be 100mV. Again, the system is improved since the
amplitude of the output voltage error is reduced by factor ten.
The concepts are initially developed for the low switching-frequency BUCK
converters that are optimized for efficiency. By applying the concepts, the system can
overcome the dynamic constrains imposed by the low bandwidth and it can behave
like high switching-frequency converters with relatively small cost in efficiency.
Additionally, another benefit of the concepts is that system reacts instantaneously to
the disturbances of the load by observing the output capacitor current. In the current
state-of-the-art, solutions observe the output voltage error, so when the system reacts
the error is already present, which is not the case for the concepts presented in this
master work. Furthermore, most state-of-the-art solutions are predicting the time
necessary to cancel the disturbance of the load. In the case of both concepts
presented here, the transient routine is determined by observing the output voltage,
so the problems that might occur due to the bad prediction are avoided. Another
benefit is in the output capacitor size reduction. If the application demands huge
value of the output capacitance (more than 200µF) which is area consuming, the
novel concepts may allow utilization of drastically smaller capacitance, since the
large part of the circuit can be integrated.
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Implementation and Simulation of Full C-multiplier
Concept with Linear regulator as the OICC
In this chapter implementation and simulation of Full C-multiplier concept with
Linear regulator as the OICC is presented. Full system block diagram is shown on
Figure 26. It is composed of the main BUCK converter (black), the inductor current
measurement with hysteretic-window CMC and dead-time control (blue), the main
converter regulator (blue), non-invasive current sensor (purple), the OICC (green)
and the system controller (red).
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Figure 26: Implementation of Full C-multiplier concept with Linear regulator like OICC – Synchronous
BUCK converter (black), the inductor current measurement, driving signal generation and the
regulator (blue), non-invasive current sensor (purple), the OICC (green) and system control (red)
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The system is designed based on the converter given in Chapter 2. The Synchronous
BUCK converter has 5V input voltage, 2V output voltage, 5.6µH inductor, 22µF
output capacitor and n factor is 10. The BUCK converter is driven using Hysteretic
Window Current mode control (HW-CMC) in that manner that in steady-state has
300 kHz switching frequency. The main converter regulator is designed to have 20
kHz loop-gain bandwidth with phase margin higher than 60° in both states of
operation (Idle and ZOUT Correction states).

I.

The Synchronous Buck Converter with Hysteretic-Window Current
Mode Control and Dead-time control

Based on the specifications, 20W Synchronous BUCK converter has been designed.
The full schematic of the power stage with driving signal generation circuit is
presented in Figure 27. For power switches IRL3402 from International Rectifier has
been selected. Maximal drain to source voltage that can withstand is 20 V and
maximal drain current is 85 A. In order to drive those switches, IR2010 synchronous
driver has been selected. It has separate logic (0-5V) and driving voltage (0-12V)
power supply and current capability of 2.5 A.
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Figure 27: Synchronous BUCK converter (black), the inductor current measurement and driving signal
generation (blue)
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The inductor current is measured using the differential amplifier based on the
LM6172 operational amplifier from National Semiconductor. The gain of the
transimpedance amplifier is 0.25 V/A. This measured value is used to generate
driving signal with the Schmitt trigger comparator. The Schmitt trigger is designed
with TLV3501 comparator from Texas Instruments. The measured current is
compared with the reference current provided by the main converter regulator. The
resistor in the feedback branch of the Schmitt trigger is adjustable in order to obtain
desired switching frequency.
Generated driving signal is sent to the dead-time controller which generates two
complementary signals with delayed rising edges using the RC circuits. Those
signals are forwarded to the IR2010 to drive the MOSFETs. The resistors in the
dead-time controller are also adjustable for fine tuning of the dead time.

II. Non-invasive Current sensor
In order to design the non-invasive measurement of the output capacitor current, the
output capacitor has been measured using the network analyzer and equivalent RLC
network has been derived. Further, the matching impedance procedure, described in
[14], is performed.
The full schematic of the non-invasive sensor with equivalent output capacitor
circuit is presented in Figure 28. The non-invasive sensor is composed of two
subcircuits. The first is used for impedance matching and it is based on the AD8061
operational amplifier from Analog Devices. Since AD8061 has unipolar voltage
supply, offset of 2.8V is introduced into the measurement. The equivalent impedance
seen in the input of the sensor is approximately 4680 times larger than the
impedance of the output capacitor.

Figure 28: Non-invasive current sensor – Schematic
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Figure 29: Spice simulation - Non-invasive current sensor: Frequency characteristic

In order to have good impedance matching, the gain of the sensor is set by the
impedance matching network. Further, to obtain the necessary gain and to remove
the offset, the second subcircuit is added into the sensor. It is differential amplifier
and it is based on the LM6172 which has bipolar power supply (-5V – 5V).
The frequency characteristic is measured using OrCAD Capture 10.3 and it is
presented in Figure 29. The sensor has a constant unity gain from 10 kHz nearly up
to 1MHz.
Further system is tested in the time domain and results are presented in Figure 30. It
can be seen that estimated value of the output capacitor current is in good agreement
with real capacitor current. Distortion of measurement at 50µs occurs due to the
output voltage saturation of the AD8061 operational amplifier.

Figure 30: Spice simulation - Non-invasive current sensor: time domain responce
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III. The Main Converter Regulator

Figure 31: SIMetrix/SIMPLIS simulation - The BUCK converter frequency response

As it is mentioned in the second chapter, the Full C-multiplier concept can utilize
both type two and type three regulator to obtain stability. Since the loop gain is the
same in both states, type three regulator is selected because of the bigger suppression
of the output voltage ripple and noise at high frequency. This ability arises from the
second pole that gives additional -20 dB per decade in the frequency characteristic.
In order to design the main converter regulator, frequency response of the average
model of the BUCK converter is obtained using SIMetrix/SIMPLIS. The measurement
is performed from the inductor current reference (control variable) to the output
voltage (controlled variable) and the results are presented in Figure 31. To obtain the
necessary bandwidth of 20 kHz, which is given by the specification, the regulator
needs to have amplitude at that frequency that has the same value, but it has
opposite sign. From the simulation, presented in Figure 31, gain of 5.72 dB has been
measured, thus desired gain of the regulator R ( j 2πf C ) at 20 kHz is -5.72 dB.

In order to achieve sufficient phase margin the zero and the second pole should be
positioned symmetrically from the crossover frequency, so they may have equal
influence on the phase, and far enough so the phase may rise high enough.
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Considering this constrain, the zero is positioned one decade below the crossover
frequency on 2 kHz, while the pole is positioned one decade above on 200 kHz. With
these parameters known (positions of zero, pole and gain on 20 kHz) and based on
the transfer function of type two regulator, given with equation (4), the gain of the
regulator A0 is obtained with equation

 2πf C
1 + 
 p
A0 = R( j 2πf C ) ⋅ 2πf C ⋅
 2πf C
1+ 
 z

2



 .
2




(29)

With all parameters of the regulator known, assuming that the input resistance of the
regulator R0 is 10 kΩ, the rest of the components may be calculated:

CP =

z
= 153.74 pF
R0 pA0

CP
= 15.220 nF
.
p z −1
1
RS =
1/(C1* z) = 5.228 kΩ
zC1

CS =

(30)

The regulator is presented in Figure 32. It is based on the LM6172 operational
amplifier. Since it needs to have ability to increase its gain by factor 10, additional
branch is added in parallel with input resistance. This branch is consisted of one
resistor of 1.1 kΩ and analog multiplexer ADG619B from Analog Devices. The
multiplexer is controlled by system controller and when the signal is low, the
additional resistor does not influence the regulator transfer function.

Figure 32: The regulator implementation
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On the other hand, when the controlling signal is active, the additional resistor is
connected in parallel with input resistor, creating equivalent resistance of 1 kΩ. With
this input resistance, the gain of the regulator is increased by factor 10. With this
ability regulator can maintain stability in both operational states (Idle and ZOUT
Correction states).

Phase Margin [°]

Loop Gain [dB]

The designed regulator is simulated with operating BUCK converter in Idle state and
the loop gain is measured using SIMetrix/SIMPLIS. The results are presented in
Figure 33. Crossover frequency is at 20 kHz and phase margin is 80° as expected.

Figure 33: SIMetrix/SIMPLIS simulation - Closed loop gain

IV. The OICC – Linear Regulator implementation
The OICC implementation with Linear regulator is presented in this subchapter. The
OICC is critical subsystem in order to achieve desired performance defined by Full
C-multiplier concept. The task of the OICC is to inject/extract current 9 times higher
than the reference when is active or to behave like high impedance when it is
inactive.
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The full schematic of the OICC is presented in Figure 34. The subsystem is composed
of the main error amplifier, which is driving class-B amplifier composed of six
bipolar transistors (three PNP and three NPN), the output current measurement and
the analog multiplexer, which is controlled by the system controller. The main error
amplifier, based on LM6172, is comparing the current reference, provided by the
analog multiplexer, and measured output current. The main error amplifier
injecting/extracting the current in/from the bases of the transistors of the class-B
amplifier in order to set the value of the output current so the measurement follows
the reference. The class-B amplifier is composed of three NPN transistors
(ZTX1053A) and three PNP transistors (ZTX951) in order to have sufficient current
capability.
Current measurement is implemented with differential amplifier, based on LM6172,
with the gain on 1/9 V/A. With this gain, main error amplifier is forcing the output
current that is nine times higher than the reference value. Since, the reference value is
the output capacitor current, the capacitance is virtually increased ten times.
The OICC needs to have capability to be activated and deactivated. This is achieved
with analog multiplexer ADG619B. The multiplexer is controlled by the system
control. When the controlling signal is active measured capacitor current becomes
the reference for the OICC. On the other hand, when the controlling signal is
inactive, the reference for the OICC is zero, so the main error amplifier tries to cancel
the output current.

Figure 34: The OICC Linear regulator implementation
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|LAX(s)| [dB]

Due to the stability issues, compensating RC circuit is added into the internal loop
created with main error amplifier and the output current measurement. The loop
gain, simulated in OrCAD Capture 10.3, is presented in Figure 35. The bandwidth of
the loop, thus the frequency range where the measured current is following the
reference, is around 1 MHz with the phase margin of 90°.

Figure 35: Spice simulation – The OICC: the loop gain

Phase (IAX (s) / VREF(s)) [°]

|IAX (s) / VREF(s)| [dB]

Additionally, the reference value is filtered with RC filter in order to maintain
stability on the system level due to the resonance at 10 MHz. The frequency
characteristics of the OICC from the reference to the output current are simulated in
OrCAD Capture 10.3 and presented in Figure 36. The OICC has a constant gain of
nearly 20 dB up to 50kH which is sufficient for the C-multiplier operation, since the
main converter regulator is regulating the output voltage up to 20 kHz.

Figure 36: Spice simulation - The OICC: The frequency characteristics of the OICC from the reference
to the output current
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The OICC subsystem is simulated in the time domain as well. The simulations are
performed with the triangular waveform reference on 3kHz, 30kHz and 300kHz and
the results are presented in Figure 37a, Figure 37b and Figure 37c, respectively. In all
three cases the DC value of the output current (green) is the same and it is nearly 10
times bigger than the reference. This error appears due to the voltage offset of the
operational amplifiers. On the low frequencies the output current measurement (red)
follows nearly perfectly the reference (blue), but as the frequency rises, the output
current becomes distorted due to the frequency characteristics of the OICC.
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Figure 37: Spice simulation - The OICC: time domain simulation at a) 3 kHz, b) 30kHz and c) 300kHz
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V. The System Controller
The system controller implementation is presented in Figure 38. The controller is
composed of three comparators LM311 and the Spartan 3 FPGA. Two comparators
are comparing measured output capacitor current with upper and lower threshold
and they are initializing the transient routine. The third comparator is used to
compare the output voltage with the voltage reference in order to finish the transient
routine.
The LM311 comparator has open-collector output, so additional resistor is added for
each comparator. Furthermore, the comparators are supplied with bipolar voltage
(-5V – 5V), while the output swings between positive power supply and the ground.
Since the FPGA is working with 3.3V power supply, 3.3V Zener diodes are added in
the output of each comparator to limit the voltage.

Figure 38: The system controller implementation

The state machine, presented in Figure 4, is implemented into the FPGA. The FPGA
has three input signals for monitoring the states of the output voltage and the output
capacitor current and it has two outputs for controlling the system. The input signals
have negative logic (zero is active level), while the output signals have positive logic
levels (one is active level). The FPGA samples the input signals with the clock of
50MHz and depending on the state of the signals as well on the state of the state
machine, sets the outputs. One of the outputs is activating or deactivating the OICC,
while the other is modifying the main converter regulator.
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VI. The System with Full C-multiplier OICC – Simulation
The full system is generated with the subsystems presented above and the
simulations in SIMetrix/SIMPLIS and OrCAD Capture 10.3 are performed both in time
domain as well in frequency domain in order to validate the design.

Figure 39: Spice simulation – The equivalent output capacitor impedance with (dark red) and without
(green) the OICC

Simulating in OrCAD Capture 10.3 only the OICC with the non-invasive current
measurement the equivalent impedance is obtained when the OICC is active and it is
compared with nominal impedance of the output capacitor. The results are
presented in Figure 39. The impedance of the output capacitor is obtained measuring
the physical component with the network analyzer and equivalent RLC circuit is
obtained. The output capacitor impedance (green), presented in Figure 39, has
resonant frequency close to 1 MHz. When the OICC is active the impedance which is
seen in the same test represents the impedance of the virtual output capacitor. It can
be seen in Figure 39 that the equivalent impedance (dark red) has 20dB smaller
amplitude in the low frequency part of the spectrum. This suppression in the
amplitude characteristic is achieved since the OICC increases of the output
capacitance by factor 10. Due to the limited bandwidth of the OICC, this suppression
of the equivalent impedance lasts up to 50 kHz, which is the frequency until which
the OICC has a constant gain of 20dB.
Further, the whole system is simulated in SIMetrix/SIMPLIS to obtain the averaged
model and the frequency characteristics of the loop gain. In Figure 40 comparison of
the loop gains is presented. The comparison is perform between the basic system
(amplitude characteristic – red, phase characteristic – green), the system with OICC
active and the regulator modification inactive (amplitude characteristic – turquoise
blue, phase characteristic – purple) and with the system with both OICC and
regulator modification active (amplitude characteristic – blue, phase characteristic –
light green). The basic case and the fully operational case have good overlapping
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while the phase margin of the fully operational case is increased for approximately
15° due to the frequency characteristic of the virtual capacitor.
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Figure 40: SIMetrix/SIMPLIS simulation - Closed loop gain comparison

Figure 41: SIMetrix/SIMPLIS simulation – Output impedance with (red) and without (green) the
OICC
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On the other hand, the fully operational case has similar phase characteristic like the
case when the OICC is active and the regulator modification is inactive, but the
amplitude characteristic of semi-active case is lower nearly 20 dB, as it is expected
since the gain of the regulator is not increased. Observing all three cases, the system
is stabile since the phase margin is positive, but the case without regulator
modification has only 3kHz bandwidth, while the others have around 20 kHz what
is demanded by the specification.
Additionally, the output impedance of the system is simulated using
SIMetrix/SIMPLIS and it is presented in Figure 41. Compared to the basic case
(green), it can be seen that 17.33 dB suppression of the output impedance is achieved
when the OICC is active (red).
Time domain simulations are performed in OrCAD Capture 10.3. The system is tested
on the load steps and the results are presented in Figure 42 for both transients (load
step-up and step-down). Furthermore, in Figure 43 and Figure 44 load step-up
transient and load step-down transient are presented in detail, respectively.

Figure 42: Spice simulation – The time domain simulation: load step response

It can be seen from Figure 42 that both voltage overshoot and undershoot are
suppressed under 200 mV with load step of 4 A. Theoretical reduction of 10 times is
not fully achieved since the load step is performed by connecting/disconnecting
resistive load. Additionally, auxiliary current, injected by the OICC is providing
necessary current to compensate the load step perturbation and the transients last
until the voltage error signal reaches zero. Additional settling transient that follows
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turning-off of OICC is generated because of the change of the regulator and shown in
Figure 42.

Figure 43: Spice simulation – The time domain simulation: load step-up

Figure 44: Spice simulation – The time domain simulation: load step-down
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Experimental results
In order to verify the Full C-multiplier concept, prototype of the system, based on the
specifications used in the simulations and the schematic given in Figure 45, has been
build. The prototype is shown in Figure 46 (upper side) and Figure 47 (bottom side).
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Figure 45: Schematic of Full C-multiplier concept with Linear regulator like OICC – Synchronous
BUCK converter (black), the inductor current measurement, driving signal generation and the
regulator (blue), non-invasive current sensor (purple), the OICC (green) and system control (red)
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Figure 46: The prototype: upper side

Figure 47: The prototype: bottom side
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Figure 48: Experimental results – load step transients without the OICC: the load driving signal (green
5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 1V/div) and measured
output capacitor current iC (light blue 2V/div), time 400µs/div

The prototype has been tested on the load steps of 4A generated with resistive load
which was periodically connected and disconnected to the output. Additionally, the
system has a static resistor to set a minimum output current of one ampere. Since the
output voltage is controlled to be 2V, the static resistor has resistance of 2Ω and the
load step resistor has resistance of 0.5Ω.
In order to perform comparison of the system with the C-multiplier concept, the
basic system has been tested also. The results of the experiment are shown in Figure
48 for both step-up and the step-down transients. Furthermore, Figure 49 and Figure
50 are showing the step-up and the step-down transients in more detail, respectively.
It can be seen from the Figures that the output voltage overshoot is 1.4V for the
step-down transient, while the output voltage undershoot is 780mV. This asymmetry
is consequence of the load step is resistive, so the current depends on the output
voltage. When the load is added into the system, the output voltage starts to fall
down, so instead of consuming constant current of 5A, the load current is also
reduced. This smaller current takes less charge from the output capacitor, so the
smaller voltage drop is generated than predicted in simulation with current load
steps. Additionally, the output capacitor current measurement is also shown. It
behaves satisfactory for the load step-up, but for the load step-down (Figure 50) the
measurement is saturated, as predicted with the simulation in Figure 30. This is not
potential problem, since the OICC will provide sufficient current, thus reducing the
output capacitor current and returning the measurement in linear part.
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Figure 49: Experimental results – load step-up transient without the OICC: the load driving signal
(green 5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 1V/div) and
measured output capacitor current iC (light blue 2V/div), time 40µs/div

Figure 50: Experimental results – load step-down transient without the OICC: the load driving signal
(green 5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 1V/div) and
measured output capacitor current iC (light blue 2V/div), time 40µs/div

Synchronous BUCK converter with Output Impedance Correction Circuit

Experimental results

63

Figure 51: Experimental results – load step transients with the OICC: the load driving signal (green
5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 200mV/div) and measured
auxiliary current iAX/9 (light blue 500mV/div), time 400µs/div

The second experiment performed on the prototype is when the system controller is
enabled to activate the OICC. The results of the both transients are presented in
Figure 51. It can be seen that the output voltage undershoot and overshoot are
reduced to 228mV and 284mV from initial 780mV and 1.4V, respectively. Also, the
additional settling transients are shown. The first settling transient, which occurs
after the load step-up, is 88mV, while the second, which occurs after the load
step-down, is 244mV.
In Figure 52 the full transient routine for the load step-up transient is shown, while
the first transient is shown in Figure 53 in more details. In Figure 53 can be seen how
the auxiliary current, provided by the OICC, is rapidly rising in order to take most of
the load current from the capacitor current. The OICC is introducing additional noise
into the output voltage when the auxiliary current is changing its sign. This occurs
because the OICC is implemented with class B amplifier, so the noise is generated
when the NPN transistors are turning off and PNP are turning on and vice versa.
The transient routine is finished when the comparator in the system controller detect
the change of sign of the output voltage error. After the settling transient occurs
what can be seen in Figure 52.
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Figure 52: Experimental results – load step-up transients with the OICC: the load driving signal (green
5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 200mV/div) and measured
auxiliary current iAX/9 (light blue 500mV/div), time 100µs/div

Figure 53: Experimental results – the first load step-up transient with the OICC: the load driving signal
(green 5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 200mV/div) and
measured auxiliary current iAX/9 (light blue 500mV/div), time 10µs/div
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Figure 54: Experimental results – the load step-down transients with the OICC: the load driving signal
(green 5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 200mV/div) and
measured auxiliary current iAX/9 (light blue 500mV/div), time 100µs/div

On the other hand, the voltage step-down transient is presented in Figure 54, while
the first transient is shown in Figure 55. Similarly to the load step-up, the auxiliary
current rapidly falls in order to take the 9 times higher current provided by the
inductor, thus reducing the voltage overshoot from initial 1.4V to current 284mV.
Since the auxiliary current has fallen fast, the capacitor current is in the linear part of
the measurement characteristic. This can be assumed since there is no distortion in
the auxiliary current provided by the OICC. Additional noise appears again when
the auxiliary current reaches zero. The settling transient that occurs when the
transient routine is finished has an overshoot of 244mV, which is comparable to the
first transient overshoot (284mV). This is consequence of the regulator modification
and the offset current of the OICC. The glitch that can be seen in the output voltage
at the beginning of the transient routine in all figures comes from the big slope of the
load current and it is generated by equivalent series inductance of the output
capacitor. The glitch is highly expressed during the step-down transients due to the
fast turn-off of the transistor that connects and disconnects the 0.5Ω resistor.
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Figure 55: Experimental results – the first load step-down transient with the OICC: the load driving
signal (green 5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 200mV/div)
and measured auxiliary current iAX/9 (light blue 500mV/div), time 10µs/div

Figure 56: Experimental results – the load step transients with the OICC: the load driving signal (green
5V/div), the inductor current iL (blue 5A/div), the output voltage vOUT (pink 200mV/div) and the OICC
and regulator modification signal (light blue 2V/div), time 400µs/div
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Figure 57: Experimental results – the load step transients with the OICC: the load driving signal (green
2V/div), comparison of vOUT with VREF (blue 2V/div), combined comparison of iC with positive and
negative current threshold (pink 2V/div) and the OICC and regulator modification signal (light blue
2V/div), time 400µs/div

In Figure 56, the controlling signal for the OICC and the main regulator is shown.
High voltage level, which activates the OICC and modifies the regulator, is set by the
FPGA at the moment when the load step is detected and it is active during the all
ZOUT Correction state. The FPGA deactivates the signal at the end of the routine when
the change of the sign of the output voltage error is detected.
Figure 57 shows signals generated by the comparators of the system controller.
Comparison of the measured output capacitor current is combined into one signal
that triggers the state machine and initializes the transient routine. When the load
step-up occurs, the capacitor current generates the impulse shown in Figure 57 with
marker A. This event forces state machine to enter into the ZOUT Correction state and
controlling signal for the OICC and regulator is set high. When the output voltage
reaches the reference, the voltage error comparator changes the level and generates
event B. The event B again forces the state machine to change state and it goes back
to Idle state. Additionally, the controlling signal for the OICC and regulator is set
low. For the load step-down transient, the event C triggers the transient routine,
while the event D triggers end of the routine.
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Figure 58: Experimental results – states of the state machine during the load step-up transient
transients with the OICC: the load driving signal (green 2V/div), the state bit B1 (blue 2V/div), the
state bit B0 (pink 2V/div) and the OICC and regulator modification signal (light blue 2V/div), time
100µs/div

The states of the state machine during the step-up and step-down transients are
presented in Figure 58 and Figure 59, respectively. During the ZOUT Correction state
additional sub-state, Blanking Window state (BW), has been introduced. Purpose of
Blanking Window state is to ensure that state machine does not misinterpret glitches
in the output voltage at the start of the transient routine, since they may cause that
state machine change its state back to Idle state while the transient has not finish. As
it is seen in Figure 58 and Figure 59, at the beginning the system is in Idle state
(B1B0=”11”). When the load step occurs, the system enters the Blanking Window state
(B1B0=”10”), sets the controlling signal for the OICC and regulator and waits for
predefined period of time. After, it enters ZOUT Correction state (B1B0=”01”) and waits
for the end of transient routine trigger (events B and D in Figure 57). When the
events arrives, the system disables the controlling signal for the OICC and regulator
and returns back to Idle state (B1B0=”11”).
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Figure 59: Experimental results – states of the state machine during the load step-down transient
transients with the OICC: the load driving signal (green 2V/div), the state bit B1 (blue 2V/div), the
state bit B0 (pink 2V/div) and the OICC and regulator modification signal (light blue 2V/div), time
100µs/div
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Conclusions and future work
In this master work the Output Impedance Correction Circuit (OICC) concepts are
presented. They allow the utilization of low switching frequency Synchronous BUCK
converter with small output capacitor to supply fast-dynamic high amplitude loads
in VRM applications. Depending how the introduced energy path is utilized,
C-multiplier and Current cancelation concept are distinguished.
The C-multiplier concept utilizes the OICC in order to reduce the amount of charge
that is injected/extracted in/from the output capacitor by factor n-1. This is achieved
using the OICC as a controlled current source that provides the auxiliary current in
the output node, which is n-1 times larger than the output capacitor current. The
consequence of this behavior of the system is that the OICC virtually increases the
output capacitance by factor n, thus reduces the output impedance of the converter
by the same factor. Additionally, the C-multiplier concept is divided into the Full
and Partial C-multiplier concept. The first, Full C-multiplier concept has simpler
implementation and stability considerations. On the other hand, Partial C-multiplier
concept increases efficiency by reducing the period of time when the OICC is active
and processing energy. The improvement in reduction of losses, thus the efficiency is
given with saving factor (SF) derived earlier.
On the other hand, Current-Cancelation concept utilizes the OICC in order to reduce
transient time. As an effect, the amount of charge that is injected/extracted to/from
the output capacitor is minimized, therefore, the output voltage overshoot and
undershoot are reduced. The improvement is penalized in complexity of the system
controller, but the performance is increased since the output voltage deviation is
minimized and it is defined only with esr of the output capacitor.
For both concepts design considerations are given and stability analysis is
performed. Additionally, system level simulations using Simplorer are done and the
results are compared with the solution without the OICC. The simulations show
superiority over the basic solution. The C-multiplier concept reduces the output
voltage overshoot/undershoot to 110mV from the initial 1V with the same transient
time. On the other hand, Current-Cancelation concept shortens the transient time
less than 1µs, achieving that the output voltage overshoot/undershoot is around
3mV. The drawback of both concepts is that system enters additional settling
transient when the transient routine is finished. Those settling transients become
dominant in the case of Current-Cancelation concept, thus the maximal deviation can
be 100mV. Again, the system is improved since the amplitude of the output voltage
error is reduced by factor ten.
In order to validate the C-multiplier concept, the implementation of the system is
done and the simulation on the circuit level with SIMetrix/SIMPLIS and OrCAD
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Capture 10.3 are performed. The simulations have shown additional concerns that
were needed to be taken under the consideration. Reduction of the output
impedance by 20 dB is achieved up to 60 kHz.
Finally, the prototype was build and the system has been tested on the load steps.
Comparison of results of the system with and without the OICC is performed. The
output voltage undershoot is reduced from initial 780mV down to 228mV, while the
output voltage overshoot is reduced from 1.4V down to 284mV. The transient times
remain the same, compared with the solution without the OICC. On the other hand,
the main drawback of the proposed solution is that additional settling transient is
generated when the transient routine is terminated. The settling transient occurs due
to the regulator modification with non-zero output voltage error and due to the
offset current of the OICC. The voltage overshoots generated after the load step-up
is 88mV, while the second, generated after the load step-down, is 244mV. The
amplitudes of the overshoots are comparable with the amplitudes of the first
transients, but considering the initial values of the overshoot and undershoot in the
system without OICC, the performance is drastically improved.
The OICC concept of control shows significant improvement in dynamic behavior of
low dynamic Synchronous BUCK converter. Furthermore, the reaction time is
reduced due to the fact that system responses almost instantaneously, since the
output capacitor current is the first system variable that contains the information of
the load behavior. Additionally, in the current state-of-the-art, solutions observe the
output voltage error, therefore, when the system reacts the error is already present.
In contrary, the C-multiplier system detects the load perturbation and it starts to
improve the output impedance before the output voltage error has been created.
Also, the concept does not rely on the transient time estimation, since the transient
routine is finished when the output voltage error reaches zero. The auxiliary current
is controlled, thus the undesired peaks in the current are avoided.
The overall efficiency is penalized, but it is dependable on the periodicity of the load
transients. On the other hand, the concepts are designed for the high efficiency low
switching frequency BUCK converters, so the overall efficiency should be higher
than the systems that operate in MHz area. Furthermore, the linear regulator
solution is energy inefficient due to large voltage drop between the terminals. On the
other hand, the implementation with Bidirectional BUCK converter increases
efficiency with energy recovery, but penalizing the complexity.
Furthermore, if the efficiency is not the main driver of the system design, another
benefit is in the output capacitor size reduction. If the application demands huge
value of the output capacitance (more than 200µF) which is area consuming,
although the converter may work with high bandwidth, the novel concepts may
allow utilization of drastically smaller capacitance, which means smaller cost, higher
quality capacitance with higher resonant frequency. Additionally, there is possibility

Synchronous BUCK converter with Output Impedance Correction Circuit

Conclusions and future work

73

of integration of the capacitor on the same chip with power converter and the OICC.
On the other hand, main drawbacks are increased complexity of the system and
lower overall efficiency.
Further steps in this research line should cover:
• Optimization of the current prototype, due to the PCB design influence and
analysis the noise influence generated by the power stage on the rest of the
system.
• Development of the C-multiplier concept prototype with the energy recovery
path based on the high-switching frequency Synchronous BUCK converter
• Development of the Current-Cancelation prototype
• Analysis of influence of the C-multiplier concept on other methods controlling
the Synchronous BUCK converter: Peak CMC, VMC, V2, VIc and V2Ic control.
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