Improving Loading and Unloading Transient Response of a Voltage
Regulator Module Using a Load-Side Auxiliary Gyrator Circuit

Or Kirshenboim, Alon Cervera, and Mor Mordechai Peretz

The Center for Power Electronics and Mixed-Signal IC, Department of Electrical and Computer Engineering
Ben-Gurion University of the Negev, P.O. Box 653, Beer-Sheva, 8410501 Israel
orkir@post.bgu.ac.il, cervera@bgu.ac.il, morp@ee.bgu.ac.il
http://www.ee.bgu.ac.il/~pel

Abstract— This paper introduces a new voltage
regulator module (VRM) that hybrids a highly efficient
switched-inductor converter as the main unit with a load-
side switched-capacitor based converter to assist during
load transient events. The resulting hybrid-VRM exhibits
improved dynamic performance for both loading and
unloading transient events, while maintaining a compact
design with reduced stress of the components. The hybrid
controller that has been developed allows operation based
on output voltage measurement alone, further reducing the
circuit complexity. The operation of the VRM is verified on
a 30W, 12V-to-1.5V prototype, demonstrating a near-ideal
transient recovery.

Index Terms— Voltage regulation module, switch-mode
power supply, improved transient-response, optimal
control, digital control, auxiliary circuit

L INTRODUCTION

In recent years there has been a sharp rise in interest and
demand for more compact, light, energy efficient and
economical voltage regulation solutions. In particular, tighter
output voltage regulation, faster response times and lower
volume are of major concern in the design of present-day
voltage-regulator modules (VRM). For processing power from
fractions of a watt to several tens of watts with fast transient
performance, multi-stage interleaved converters combined with
analog controllers have been predominantly used [1]-[5].
There, fast response is usually achieved by designing a wide
bandwidth control loop.

The advancement in hardware-efficient digital controllers
[6]-[9] enabled the implementation of advanced nonlinear
control methods that improve the dynamic performance and, as
a consequence, drastically reduce the size of the output
capacitor. Among them, time-optimal control (TOC) [10]-[16]
and minimum-deviation [17] controllers have demonstrated
transient response with virtually the smallest possible voltage
deviation, restricted only by the inductor’s slew-rate. In VRM
applications, this limitation has a major effect on the output
voltage deviation for the case of an unloading transient event,
primarily due to the high input-to-output conversion ratio.
Another weakness of the classical time-optimal approach is the
relatively higher current stress, beyond the steady-state value,
that is required to restore the lost charge of the output capacitor
during the recovery time [16],[18]. As a result, the overall
power processing efficiency is impacted from consecutive
transients, when compared to steady-state.

State-of-the-art solutions that exceed the performance of
the time-optimal control method propose several circuit
extensions to the original buck converter in order increase the
inductor’s slew-rate [19]-[22]. For example, extensions have

been presented by addition of a fast auxiliary converter in
parallel to the main converter with smaller inductance [23] or
with active region current injection circuit [24]. However, it
comes at the cost of an increased input filter since the load
transient is reflected to the input. This is partly resolved by
compensating only for half of the current mismatch, which
does not increase transient time [25].

Recent studies have reported improved loading and
unloading transient performance, obtained using an auxiliary
converter connected to the output side [26]. An independent
energy bank is used, eliminating the impact on the input.
Although the solution requires additional sensors to regulate
the auxiliary operation and is limited by switching frequency to
mid-range output voltages, it provides a new concept to
improve the performance of VRMs and, therefore, is adopted
in this study.

A recently-developed resonant switch-capacitor based
gyrator converter (GRSCC) presented in [27] demonstrated an
ultra-compact voltage regulator solution which obtains ideal
transient response [28]. However, a modest efficiency (around
85%) at steady-state is achieved due to high rms currents.
Nonetheless, its main advantage is that no magnetic element is
required, allowing on-chip integration.

The objective of this study is to introduce a new compact
VRM solution that hybrids a buck converter with a resonant
switched-capacitor auxiliary circuit that is connected at the
load side, as detailed in Fig. 1. By incorporating a new control
concept, the auxiliary circuit effectively mimics increased
capacitance during loading and unloading transient events,
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Fig. 1 Hybrid-VRM with load-side GRSCC auxiliary circuit. The area
within the bottom box is implemented within an FPGA.



reducing the burden on both the input and output filters, and
reduces the current stress. In addition, the hybrid-VRM
presented in this study requires indication from the output
voltage alone, making this solution simple and cost-effective.

The paper is organized as follows: Section II describes the
effect of different auxiliary current profiles on the transient-
recovery performance, Section III discusses the improvement
in power-processing efficiency. The implementation of the
GRSCC as an auxiliary circuit is delineated in Section IV.
Next, the details of the control scheme for the hybrid-VRM are
detailed in Section V. Experimental results and conclusions are
then provided in Sections VI and VII, respectively.

II. TRANSIENT RECOVERY BY A LOAD-SIDE AUXILIARY
CIRCUIT

A key factor for assisting the recovery of the main
converter from a load transient is the capability of the auxiliary
circuit to rapidly sink or source the current mismatch between
the new load state and the main inductor current. To analyze
the required behavior and control mechanism of the auxiliary
unit, an idealized bi-directional current source that is connected
to the output terminals of the voltage regulator can be assumed
as depicted in Fig. 2.

The analysis is aided by Fig. 3 which shows average
waveforms for different sinking patterns of the current source
to a current unloading step of Aly. It is further assumed that a
time-optimal-like control is implemented for the main
converter to maximally expedite the recovery phase.

To eliminate any deviations of v, from the steady-state
value, V,, the auxiliary circuit is to mimic infinite
capacitance, i.e. mirror the mismatch between iy, and ijpaq. As
shown in Fig. 3(a), the auxiliary current, i,,, is triangular,
ramping down from Al and reaching zero when iy, equals
I10ag- In this case, the total transient time, T,, is governed by the
main inductor’s slew-rate and current mismatch, and can be
expressed as:

L L
tr,loading = V V Aqul > “tr,unloading = V out (1)
in — "out out

where L is the main inductor value and V;, is the input voltage.
This case produces a significantly shorter transient time than
obtained using classical time-optimal control approach since
no additional discharging is required to drain excess charge
from Cyy.

Realization of an auxiliary unit as described by Fig. 3(a),
rated for the peak load current is, to some extent, overly
designed. It requires higher stress-rating components to
accommodate for stress that exists for slight fractions of the
transient time. Furthermore, an ideal response with zero
voltage deviation is not an objective of a VRM. Since some
amount of voltage deviation is still tolerable by standard, even
in tight VRM applications [29], a more conservative approach
can be taken. As shown in Fig. 3(b), improved unloading
transient recovery, provided some allowed deviation margins,
can be achieved by a constant current sinking profile of Z,,x =
Al/2. It can be seen that although v, initially deviates from
Vous, it is fully restored at 7. In the aforementioned cases the
current source sinks an identical charge within 7}, meaning
that initial under-current is ultimately balanced by over-current
at the second half of the transient. Considering a maximum
allowable overshoot of AV, and the greatest possible load
change Al Coy can be sized as follows:

_ Aljme (2)
“8AV, TV,

out ~ out

When compared to TOC, the shorter transient times and the
smaller initial current mismatch are in favor of a hybrid-VRM,
resulting in C,,; which is four times smaller.

The method shown in Fig. 3(b) reduces the complexity of
the auxiliary circuit compared to the method in Fig. 3(a),
however, it requires a fairly accurate estimation of the load
current. To overcome this obstacle, a recovery pattern as
shown in Fig. 3(c) is suggested. In this method the auxiliary
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Fig. 2 Simplified circuit with the auxiliary circuit modelled as a controlled
current source, demonstrating the current relationships towards the load.
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current is set to [y AlL.x/2 (by design) while the
instantaneous Al,, is unknown. As long as I, > Al,,/2, the
resultant total transient time remains 7}, governed by the main
inductor’s slew-rate.
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Fig. 4  Power proccessing efficiency of a buck converter connected to a
constant load, versus a 50kHz dynamic load with the same average current,
50% load duty-cycle (see Fig. 5) . Series resistance is 10mQ.
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Fig. 6 VRM efficiency as a function of load transient rate for two load-step
magnitudes. Ri,=10mQ, switching losses are not considered.

The design of an auxiliary source that compensates for
Aly/2 provides two main advantages: 1) the transient
controller can be realized based purely on sensing the output
voltage and without additional current sensing, and 2) the
conditions for the end-of-transient are within the main
inductor’s slew-rate for any given transient, without the need
for extra time to reestablish the steady-state voltage.

1L

Present-day efficiency estimations for dc-dc converters are
performed with general assumption of steady-state operation as
the dominant working condition, defined here as static
conversion efficiency. Neglecting switching losses and
assuming steady-state operation, the main contributor for the
conduction losses is the average inductor current since the rms
current of the ripple component is negligibly small [30].

POWER PROCESSING EFFICIENCY

These estimations for the efficiency are relatively accurate
for most applications in which the load is static or mostly-
static. However, for modern applications with continuously
varying loading conditions, the static conversion efficiency
estimation might fail to predict the actual losses and as a
consequence the required thermal design of the system. Fig. 4
shows comparison of a typical static efficiency curve
compared with a dynamic loading one, for a similar average
output power. As can be observed, the deviation of the static
efficiency estimation from actual one significantly increases
with the load repetition rate. It should also be noted that the
situation worsen for applications with relatively high
conversion ratios, such as the VRM case.

To analyze the converter efficiency under varying load
conditions, three cases are compared as shown Fig. 5: an ideal
inductor current behavior, time-optimal control [11] and
beyond time-optimal one [18] which is adopted in this study.
To focus on the difference between the controllers types, it is
assumed that all methods are governed by an identical steady-
state control law.

Without loss of generality, the analysis to obtain the rms
value of the inductor current for all cases is carried out under
the assumption of a repetitive load transient with magnitude of
Al and repetition rate of f; and duty ratio of 50%. For the
time-optimal control case, the rms value of the inductor current
can be expressed as (3), where I, is the load current at light
load, /nintAly is the load current at heavy load, Al is the
inductor’s steady-state current ripple and D is the steady-state
duty cycle, i.e. D=Vq,/Vin.

Applying the hybrid-VRM control, the peaks, over and
under the steady-state value are eliminated, the transient time
is reduced, resulting in an rms current of:

1

RMS hybrid-VRM =

ALY (Al Y
]l“in + out + out +
2 2

Comparison of the resultant efficiency curves of (3), (4)
and the ideal current waveform as a function of the load
transients rate is shown in Fig. 6. As can be observed, the
elimination of the additional restoration current, i.e. peaks,
reduces the overall rms inductor current that in turn increases
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the power processing efficiency.

In addition, another design concern is the inductor sizing.
As derived in [16], time-optimal control results in current

VD and undershoot of Al N1-D during

loading and unloading transients of Al respectively. Since
these are eliminated by the hybrid-VRM approach, the sizing
of the main inductor reduces as well.

overshoot of Al

out

IV. GYRATOR RESONANT SWITCHED-CAPACITOR
CONVERTER AUXILIARY CIRCUIT

The GRSCC topology has been recently presented in [27],
based on the concept of a resonant switched-capacitor
converter, but with the capability to maintain high efficiency
over a wide and continuous step-up/down conversion ratio.
Thanks to its soft-switching resonant nature it is applicable at
high frequencies, and as a consequence, does not require a
magnetic element. Furthermore, it has a bi-directional current
sourcing behavior and is able to react immediately to create
current step response with bandwidth of up to half its maximal
switching frequency [28].

A voltage doubling variation of the GRSCC has been
implemented in this study and is shown as the auxiliary circuit
of Fig. 1. It is structured relying on a voltage multiplying
resonant switched capacitor converter topology, shifting the
GRSCC’s optimal efficiency point from Vg, to Vi = 2Voue
The main reason for the selection of this topology is to increase
the power density of the auxiliary storage capacitor C,, by
increasing its rated voltage, but without adding voltage stress
to the transistors. Another advantage of the doubling
realization is that the desired load-side current, i.e. Al /2, can
be obtained by a higher characteristic impedance of the
resonant network. This implies that higher target efficiency of
the GRSCC can be obtained for a given loop resistance.

The GRSCC is resonant in nature and can be completely
halted at zero-current after each cycle. As a result, the nominal
current can be resumed within one cycle. In the context of this
study, this zero-order step capability enables the GRSCC to be
used as the auxiliary current source unit. Moreover, there is no
limitation to scalability, the resonant tank values can be
determined for any desired V,, and operating frequency with
further option of interleaved operation. The bridge
configuration also guarantees that the maximum stress on any
given switch will be around V,,, which translates into small
area requirements of the power switches.

To further reduce the overall volume of system and
enhance the auxiliary circuit efficiency, it is realized in this
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Fig. 7 Distribution of the auxiliary current between three interleaved
GRSCCs operating at maximum frequency with half-resonance phase delay.

study using three small interleaved GRSCC modules, each
designed to output Al,,,/6, operating with phase delay of half-
resonance period, as demonstrated in Fig. 7. By doing so, the
auxiliary circuit rms current is reduced by a factor of (2/3)"7,
when compared to a single-converter equivalent since more
smaller pulses are evenly distributed over the transient phase,
for the same average current. This configuration also increases
the accuracy and resolution as a current source. Furthermore,
lower current is required per module, allowing higher
impedance of the resonant network.

V. HYBRID-VRM CONTROLLER

The configuration of the hybrid-VRM controller is divided
into two main units as shown in Fig. 1, a steady-state voltage-
mode controller that is entirely implemented on FPGA [31]
and a transient-mode controller.

To facilitate fast transient detection and end-of-transient
phase, the latter is assisted by two auxiliary comparators with
two thresholds, well below the maximum allowed voltage
deviation, to determine both loading and unloading events.

A. Principle of operation

The description of the hybrid-VRM controller operation is
assisted by Fig. 8 which provides in-detail the response for an
unloading transient event.

At t <ty the controller operates the buck converter with a
voltage-mode steady-state compensator whereas the GRSCCs
are idle. A load step at ¢, creates current mismatch between
Ipuck and ij,,q resulting in a rise of vy At #, when vy, crosses
Vieen, an unloading event is detected by cmpl (Fig. 1) and a
transient mode is initiated: Q, is turned on to ramp iy, down
with the highest slew-rate available. Simultaneously, the
GRSCCs are activated to sink excess current and are set to [,
= Alpa/2. Since Al < Al at instance ty, vy, returns within
the steady-state range below Vi.tn, the GRSCCs’ operation is
halted while O, remains on, however, iy, is still larger than
iload- This results in the output voltage rising over Vigy at £
which re-triggers the GRSCCs. When v, is within the steady-
state range at #,, i,k approximately equals to ij,,g. The end of
the transient phase (), in this case, is due to vy, crossing Vierr,
detected by cmp?2.

The information on the end-of-transient is derived, in this
study, from the output voltage measurement by observing the
comparator states. However, the information that is obtained
from the output voltage indicates on the current charge state of
the output capacitor and not directly on the current mismatch
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between iy, and ijq. Given the example of Fig. 3(c), it can be
observed that the output voltage is momentarily restored to the
steady-state value without reaching the point that i, equals
iloag- The reason for this is that the charge balance has been
achieved by the aid of the auxiliary circuit.

To overcome the problem of premature indication on the
end-of-transient, without additional current sensors, a state-
machine algorithm described by the flowchart of Fig. 9, was
developed. The controller monitors the output voltage by
observing the comparator states. When v, returns within the
steady-state thresholds, the GRSCCs are immediately halted
whereas the buck converter remains is transient mode. In case
that a current mismatch still exists, the output voltage is shifted
back beyond the boundaries, and the auxiliary circuit is re-
triggered. A true end-of-transient indication (i.e., fyck 1S in the
vicinity of i) is verified by either one of the necessary
conditions: (a) the comparators state has been inverted from
the original transient-mode trigger, or (b) a preset time has
elapsed since the auxiliary circuit was halted without change in
the comparator states.

B.  Comparators thresholds settings

A finite voltage difference between the comparators
thresholds is required to prevent the controller from falsely
entering or exiting the transient mode. To prevent false entry, it
is sufficient to satisfy that the voltage difference between the
thresholds is well above the steady-state voltage ripple and
accounting for additional noise errors (e.g. ESR, switching
noise, and measurement errors). However, to prevent a false
indication of the comparators state and an early return to the
steady-state mode, the difference between thresholds should be
set such that the largest voltage deviation generated from a
single discharge cycle of the auxiliary circuit is kept within the
threshold boundaries. The largest value for this deviation
occurs when current mismatch is small (ipyck = fjoaq), that is:

Vref,H - Vref,L = Qg/Cout =4V, Cg/Coul 5 (5)

out

where Q, is the charge delivered from the auxiliary circuit
during a single discharge cycle and C, is the GRSCC resonant
tank capacitor. Selection of the voltage detection window
according to (5) assures that the voltage-drop due to a single
gyrator pulse is contained within threshold levels.

Store comparators

state , assign Tpreset

GRSCCs

inverted from
stored state

Resume steady-
state contol

End Transient

Fig. 9  Flowchart of the end-of-transient algorithm

C. Auxiliary circuit halt time - Tyeset

As described earlier, steady-state operation may be
resumed by either inversion of the comparators state or after
specific time has elapsed since the auxiliary circuit was halted
(Tpreser in Fig. 9). Given the controller sequence when steady-
state is resumed, and an estimation on the range of error for the
buck inductor current at that instance, the preset time can be
set to assure that the steady-state operation is restarted without
creating additional oscillations. In this study, it is defined that
the first switching action of the steady-state controller is the
opposite of the one obtained in the non-linear mode, i.e.
resuming from an unloading event starts with an on state,
whereas an on state during a loading event is followed by an
off state. This implies that the preferred instance to switch back
to the steady-state is when the inductor current has passed the
target load current value since less error in the inductor current
is accumulated by the following switching action. The ideal
case would be at the point that the inductor current is beyond
the load value by Aly,e/2, then the steady-state current is
already within the target margins within the first switching
action. Since this case cannot be guaranteed by voltage sensing
alone, it is essential to map the range of the possible error in
the current with respect to the preset halt time.

Fig. 10 shows a zoomed-in view to the preset instance,
describing iy, Within two worst-case scenarios. The time
index, #,4, indicates the instance of the last trigger event of the
auxiliary circuit. The lower boundary of the inductor current is
characterized as the condition when the inductor current
reached the load current at #,g, given by:

ibuck,min (tlast +t) = Iload +at b (6)

where a is the slope of the buck inductor current during the
transient, given by:

a:_I/out/L 2
a=(V,-V.)/L

The upper boundary of the inductor current is due to an
additional charge injection by the auxiliary circuit, Q,, at the
instance of ¢, given by:

unloading
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g

ibuck,max (tlasl + t) = Iload —a +at . (8)
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Equating (8) to /,o,q and solving for t, yields the necessary

condition to assure that the worst-case inductor current has
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reached the load current, that is:

match ’\'ZQ /|Cl| b (9)

namely, the auxiliary circuit has completed its operation for the
particular transient mode.

To further reduce the error of the inductor current to the
allowed range of {Alurgetmax > Aliargetmin}» @ target time range
for return to steady-state is specified, as shown in Fig. 10.
Equating (6) to the lower current boundary and (8) to the upper
one, yields the margin criterion, Tyin and Tinax, fOr Tpreser as:

Tmin = A]targct,min/ a| + \' 2Qg /|a| (10)
T max = Altargct‘max / a|

It should be noted that it is required to assure that the defined

Toreser satisfies the conditions in (10) and the minimum time

condition in (9), that is,

max (Yzmn > Tmatch ) T;oresel S max (1 1 )
Furthermore, to avoid dependence of Tjyeqc On the converter
parameters and present dependence on the design
considerations alone, (9) and (10) can be reorganized as:
= A[larget,min (1 _D) + Almax
KInomf; Klnom.fsfg
Tmax = AIteu'geLmax (1 - D)/Klnomf;' (12)

T

match — \' A[max /Klnomf;f‘g

where f; is main converter switching frequency and f; is the
GRSCC maximal frequency, /o, is the nominal load current at
steady-state, and K = Alppie / Tnom 1s the proportionality factor
between the ripple and nominal currents. The criterion for a
loading event can be extracted in a similar manner.

D. Auxiliary Capacitor Voltage Reset

The amount of energy that is processed by the auxiliary
circuit during a transient event depends on the conversion ratio
of the buck converter. In this study of a 12V to 1.5V converter,
during an unloading transient more charge is processed by the
auxiliary circuit than during a loading transient of a similar
magnitude. To maintain the ability to sink or source sufficient
current from the output capacitor, prevent C,, from over-
charging, and restore excess energy, a reset procedure for the
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Fig. 11 Simulated unloading transient followed by a reset of v, back to
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independent auxiliary capacitor is essential.

A key consideration in the design of the reset procedure is
to avoid interference with the desired steady-state operation of
the main converter, i.e., that the reset procedure will not cause
a significant change of the output voltage. This implies that the
auxiliary circuit reset current has to sink or source sufficiently
small amount of charge per pulse and to be distributed over a
longer period of time compared to the total load transient time.
To this end, in this study, one of the three GRSCC modules is
further employed during the steady-state phase to balance the
auxiliary charge and reset the capacitor voltage back to its
target value. Since the output voltage is well-regulated by the
steady-state controller, the module is allowed to operate as a
classical open-loop resonant switched-capacitor converter,
forcing the auxiliary capacitor to converge to 2V, without
any additional sensors. To limit the average current injected by
the module during the reset phase, the effective operating
frequency can be reduced by additional time delay between
RSCC cycles [32].

Fig. 11 can be used to demonstrate the reset procedure. It
shows an unloading transient that causes v, to rise due to the
current sinking operation. It is then followed by a reset
performed using one GRSCC module operating as a RSCC at
lower effective frequency which restores v, back to the target
value of 2V, It can also be observed that the voltage-mode
control law maintains v, within its steady-state margins.

VL EXPERIMENTAL VERIFICATION

In order to validate the operation of the hybrid-VRM, a
30W 12-to-1.5V prototype was built and tested, with a
measured peak efficiency of 90%. The auxiliary circuit was
realized by three interleaved GRSCCs as described in Section
III. Table I lists the component values and parameters of the
experimental prototype. The digital controller comprises a
steady-state voltage-mode control and a transient-mode control
and was realized on an Altera Cyclone IV FPGA [33]. Steady-
state control is assisted by integrated high-performance ADC
and DPWM on-FPGA realizations as described in [31]. Load
transient signals were also generated by the FPGA,
independently, without synchronization to the controller.

TABLE I - EXPERIMENTAL PROTOTYPE VALUES

Component Value
Input voltage Vi, 12V
Output voltage Vou 1.5V
Main inductor L 0.5uH
Output capacitor Coy 200 uF
Buck converter switching freq. f; 500 kHz
GRSCC maximal switching freq. f; ~1 MHz
Auxiliary capacitor Cyu 30 uF
GRSCCs resonant tank capacitor C, 0.5 uF
GRSCCs resonant tank inductor L, ~20 nH
Number of GRSCC stages 3

Fig. 12 shows the system's response to various loading and
unloading transient events of 10A and 15A, in comparison to a
buck converter operating under TOC, using same transient
detection circuit. Fig. 12(a) shows the system's response to an
unloading transient event of 10A (15A to 5A). The
performance of the system results in output voltage overshoot
of 60mV and settling time of 4us, compared with 150mV and
8us using TOC as shown in Fig. 12(b). The system response to
a larger, 15A unloading step (20A to 5A), is given in Fig.
12(c). A voltage overshoot of 100mV and a total transient time
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Fig. 12 Experimental results showing transient response of the hybrid-VRM [(a),(c),(e)], versus TOC [(b),(d),(f)]. Signals from top to bottom: iy (SA/div, dashed
line marks the ouput current step), vou (100mV/div.), and load-step signal. Time scale is 2ps/div. (a),(b) 15-5A unloading event, (c),(d) 20-5A unloading [for (d) ipuc is
10A/div], (e),(f) 5-15A loading.
of 6.4ps are measured, compared to 230mV and 9.8us using
TOC, as depicted in Fig. 12(d). A loading transient event of
10A (5A to 15A) is depicted in Fig. 12(e). As can be observed,
the voltage undershoot of 30mV is mainly dominated by the
inherent delay added by the transient detection circuit. It |

leCroy

should be noted that in the loading event, the auxiliary i

GRSCCs were operated synchronously rather than phase- SR

delayed due to the large conversion ratio of the VRM, resulting ioad

in a higher slew-rate of the inductor current. The same loading |

event using TOC results in a similar undershoot of 40mV, 1 Vout . NN
again, due to the delay of the transient detection circuit delay. [

Fig. 13 shows the system’s response to a consecutive
loading-unloading event of 10A (5A to 15A to 5A). The
resulting overshoot and undershoot are similar to the specific

cases presented by Fig. 12(a) and Fig. 12(c), respectively. Fig. Fig. 13 Screenshot demonstrating the hybrid-VRM’s response to a loading

14 ShQWS the auxiliary reset procedure, .clonﬁrming ) its followed by an unloading transient evaent of 5-15-5A. Signals are consistent
capability to balance the charge of the auxiliary capacitor  toasin Fig. 11, with a time-scale of 50ps/div.

without affecting the steady-state operation.
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VII.  CONCLUSIONS lbLl‘FSkA f

A voltage regulator module with improved loading and ;
unloading transient response has been presented. The 7ll°|a°|
improvement has been achieved by the addition of a load-side 5 ALt h

auxiliary circuit that comprises three interleaved converters,
implemented using a recently presented GRSCC topology.

[

|

AN o o B
This VRM has the potential to be space conserving and cost- | TW '
effective when implemented into an IC design. The output Vaux f.— 1 —k‘_

capacitance is significantly reduced at the cost of small
additional semiconductors and few capacitors, and does not
require ferromagnetic elements.
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The experimental results exemplify the performance of the
design for both loading %nd unloadmg ever.lts’ reducing outpzlt Fig. 14 Experimental results showing an auxiliary reset procedure that
overshoots by up to 60% and transient time by up to 50% follows an unloading transient. Signals from top to bottom: iwa (SA/div,
compared to time-optimal control, without affecting the input dashed line marks the ouput current step), vou (100mV/div.), Vaux
side. In particular for the relatively high conversion ratio case, ~ (200mv/div.), and load-step signal. Time scale is SOps/div.



significant improvement has been demonstrated in the response
to an unloading event, compensating for the moderate current
slew rate of the buck inductor.

The hybrid-VRM operates autonomously with reduced
circuit complexity, i.e. no additional current-sense circuitry or
pre-transient information is required. In addition, since no
complex mathematical estimations are needed, the complete
FPGA implementation for the control (Including the ADC and
DPWM peripherals) sums less than 8000 logic elements,
providing a cost-effective and simple controller solution.
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