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Digital Charge Balance Controller to Improve the
Loading/Unloading Transient Response
of Buck Converters
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Abstract—A linear/nonlinear digital controller is presented that
allows a Buck converter to recover from a load transient event with
near-optimal voltage deviation and recovery time. A novel digi-
tal double accumulator calculation block is used to calculate the
appropriate pulse width modulation switching time instants. The
proposed controller possesses many advantages not demonstrated
by a single controller in the previous literature. For example, un-
like many previously proposed time-optimal digital controllers, the
proposed controller provides an excellent transient response as it is
capable of reacting asynchronously to a load transient event. In ad-
dition, it is demonstrated that the proposed controller can operate
without requiring information pertaining to the Buck converter’s
output inductor. Furthermore, the proposed controller can be ex-
tended to applications that require load-line regulation. Lastly,
unlike all previous digital time-optimal controllers, the proposed
controller does not require digital multiplier or divider blocks nor
does it require 2-D lookup tables. Thus, the controller can be im-
plemented through the use of low-cost field programmable gate
arrays or complex programmable logic devices.

Index Terms—Buck converter, capacitor current estimator,
charge balance control, DC-DC converter, digital control, optimal
dynamic performance.

I. INTRODUCTION

ONSIDERABLE research has been conducted in nonlin-
C ear and linear/nonlinear controllers that are capable of
minimizing the voltage deviation and recovery time of a dc—
dc converter undergoing a load transient event. Such control
methods are often referred to as “optimal control.”

In [1] and [2], a nonlinear analog controller is presented
that employs a second-order curved switching surface to con-
trol the switching action of a Buck converter. While a near-
optimal transient response is observed, the use of an ana-
log multiplier/divider circuit significantly increases the cost
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and decreases the maximum switching frequency of the con-
troller. In [3], a linear/nonlinear analog controller is presented
that drives a Buck converter to recover in near-minimum time
through determination of capacitor charge regions during a load
transient event. The controller employs only simple mathemat-
ical functions (integration, subtraction, and addition) to deter-
mine optimal switching times; however, it requires a high-speed
quasi-differentiator to detect the capacitor current zero crossover
point. Furthermore, the control method is not compatible with
high-performance digital features.

Digital control has gained popularity due to its unique char-
acteristics such as robustness and reprogrammability along with
its ability to employ features such as parameter auto-tuning and
online efficiency optimization. Thus, a vast amount of investi-
gation was conducted in the late 1990s in an attempt to design
linear digital controllers that performed as well as their analog
counterparts.

In [4]-[7], various methodologies of digital compensator de-
sign were investigated while in [8]—[13] research was focused on
the quantization effects of digital controllers and effective dig-
ital pulse width modulation (DPWM) techniques. While early
research laid the stepping stones for further digital control de-
velopment, it did not capitalize on the truly unique abilities
that digital control is able to offer such as the implementa-
tion of advanced control laws to improve the transient perfor-
mance of Buck converters beyond the abilities of their analog
counterparts.

It is known that nonlinear control is capable of improving
the dynamic response of a converter since it is able to react to
transient conditions at a faster rate. However, many nonlinear
controllers tend to possess undesirable characteristics such as
nonzero steady-state error and variable switching frequency.

Thus, several dual mode digital controllers have been pro-
posed that exhibit separate behaviors depending on whether the
converter is operating under steady-state conditions or not.

For example, in [14] two digital linear control loops are uti-
lized: a compensator with high dc gain and lower bandwidth
for steady-state conditions and a high-bandwidth compensator
for transient conditions. A digital gain scheduler oversees the
transition between loops. While this method improves dynamic
performance, the controller still suffers from traditional band-
width limitations.

In [15] and [16], digital controllers are presented that behave
as alinear controller for conditions when the output voltage error
is small and behave as a nonlinear controller when the output
voltage error is large. This is accomplished in [15] by the use of
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a PI-like fuzzy logic controller and nonuniform fuzzy sets. The
controller mimics a PI controller during steady-state conditions;
however, when either the output voltage error or derivative of the
output voltage is relatively high, the duty cycle varies at a faster
nonlinear rate. In [16], a nonuniform A/D converter is used to
acquire the output voltage. This nonlinear control method is
powerful yet very simple as it does not require any multiplier or
division blocks to implement.

In [17], a digital controller is presented that employs a linear
PID scheme during steady-state conditions and uses a nonlinear
sliding-mode like controller during large output voltage devia-
tions. The controller was further improved in [18] by employing
a digital algorithm to estimate the load current transient magni-
tude and selecting an appropriate switching law from a bank of
digitally stored switching surfaces.

In [19], a digital controller is proposed that also employs a
linear PID scheme during steady-state conditions and employs
a nonlinear algorithm to effectively minimize the voltage devia-
tion caused by a load transient event. The controller is capable of
doing such with only a 4-comparator analog to digital converter
(ADC).

While the aforementioned digital control methods improve
the transient response of Buck converters (while not sacrificing
zero steady-state error and fixed switching frequency), they do
not attempt to minimize the converter’s voltage deviation and
settling time during a transient event.

Thus, numerous digital linear/nonlinear optimal control
methods have been researched [20]-[24]. In [20], the concept of
optimal control is demonstrated experimentally by calculating
the optimal switching paths for a variety of transient condi-
tions and programming them into a digital controller. However,
the controller functions only in open-loop configuration; thus,
the magnitude and time instant of a transient event must be
predefined. In [21]-[24], digital optimal control schemes are
discussed that are able to drive a Buck converter to recovery
in near-optimal time “on-the-fly.” The controllers in [21]-[24]
suffer from at least one of the following drawbacks.

1) Delayed reaction to load transient events (either due to
synchronous sampling delay or loose transient detection
thresholds) [21]-[23].

2) Complex mathematical functions (e.g., multiplica-
tion/division/square root) are performed requiring either
slow digital multipliers or numerous large 2-D lookup ta-
bles (LUTs) [21]-[24].

3) Nominal inductor value must be known to perform switch-
ing interval calculations [21]-[23].

4) No extension for load-line regulation (a.k.a. adaptive volt-
age positioning AVP) applications has been presented
[22], [23].

In this paper, a digital charge balance controller is presented
that addresses and corrects the aforesaid drawbacks. The pro-
posed controller uses an analog asynchronous detection method
to determine the beginning of a load transient and is therefore
not impeded by digital sampling delays. The proposed controller
uses only simple digital mathematical blocks such as accumula-
tion, addition, subtraction, and comparison and does not require
any 2-variable multiplication or division (removing the large
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Fig. 1. Block diagram of the Buck converter and proposed controller.

gate count requirement of said functions). The controller oper-
ates without knowledge of the nominal inductor value. Finally,
the proposed controller can be extended to cases that require
load-line regulation (such as CPU voltage regulators).

In this paper, the core control elements (both during steady-
state and transient conditions) are being implemented through
complex digital algorithms. The proposed controller possesses
all the described advantages of digital control such as repro-
grammability and component tolerance immunity. However, an
analog circuit is utilized in order to improve the effect of one of
digital control’s major drawbacks: discrete sampling. Thus, the
controller could be considered a “hybrid” A/D controller.

Section II outlines the basic operation of the proposed con-
troller. Section III demonstrates how capacitor charge balance
integral regions can be calculated using a digital double accu-
mulator. Section IV provides detailed operation of the controller
following a load transient. Experimental results demonstrating
the effectiveness of the controller are presented in Section V.

II. BASIC CONCEPT OF OPERATION

This section will describe the high-level operation of the pro-
posed digital charge balance controller. Fig. 1 illustrates the
block diagram of a single-phase synchronous Buck converter
and the proposed controller.

The block diagram consists of three major components.

An analog summer is used to subtract the reference voltage
Vet from the output voltage v, to obtain the analog error voltage
Verr_AD - Verr_AD 1S fed to an analog/digital converter (ADC) and
the analog load transient detector.

The 2-channel ADC samples the output voltage error along
with the inductor current (used for load-line regulation). The
output of the ADC is fed to the main controller block which is
implemented using a field programmable gate array (FPGA).

The analog error voltage is also fed to the load transient
detector. The transient detector consists of a high-pass filter and
a window comparator. When the absolute value of the high-pass
filter exceeds a predetermined threshold, it is determined that a
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load transient has occurred, and a “start” signal is sent to the
controller to indicate the beginning of a load transient (along
with the polarity of the load transient).

The output of the analog transient detector can be very noisy
if it is not designed correctly. However, for this application,
the transient detector can be designed such that it does not
significantly amplify high-frequency noise.

In previous works [3] and [20], such a circuit was either de-
signed as a pure differentiator or such that the time constant
equaled the Buck converter’s output capacitor [C, and equiv-
alent series resistance (ESR)]. A pure differentiator amplifies
high-frequency noise to infinity and is practically infeasible.
Howeyver, even in the latter case, the effective ESR of most low-
voltage/high-current Buck converter applications is so low that
the circuit still amplifies high-frequency noise.

In the previous works, the purpose of designing such a fast
circuit is to continuously track the capacitor current. Therefore,
the transfer function of the circuit must be tuned precisely in
order to estimate the capacitor current without delay while en-
suring that high-frequency noise does not significantly pollute
the output.

However, in this paper, the analog transient detector is only
used as a means to detect the beginning of a load transient.
Therefore, a high-pass filter with a relatively low gain and corner
frequency may be used with acceptable results.

In order to attenuate very high-frequency noise, a small capac-
itor can be added in parallel with Ry_;,.,5, effectively creating a
simple bandpass filter. By increasing Cf_i;ay,5, better noise im-
munity can be achieved at the cost of potentially increasing the
activation delay.

The activation threshold should be set larger than
half the steady-state output voltage ripple, multiplied by
Ry _rans/R1 _trans, to ensure that only load transients trip the
threshold. However, it should be noted that if the switching fre-
quency is below the corner frequency of the transient detected,
tighter thresholds may be used. When a load transient occurs,
the high-frequency output voltage components, caused by the
ESR and ESL of the capacitor, pass through the high-pass filter,
as shown in Fig. 2. This allows for very fast detection of the
load transient.

The use of an analog transient detector removes the inherent
delay typical of digital controllers. Fig. 3 illustrates the proposed
controller’s transient response in comparison to that of [22].

The gray areas in Fig. 3 represent the charge being removed
from the output capacitor. As shown, asynchronous transient
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detection significantly improves the output voltage deviation
by decreasing the amount of charge removed from the output
capacitor.

The controller’s transient response will be described without
and with load-line regulation.

A. Without Load-Line Regulation

Figs. 4 and 5 show the transient reaction of a Buck converter,
controlled by the proposed method, undergoing a positive and
negative load step, respectively.

The key points of the controller can be summarized in three
steps.

1) The converter is controlled by a linear voltage-mode con-

trol scheme during steady-state conditions.

2) Immediately following a load step change, the controller
sets the PWM control high (for a positive load step change)
or low (for a negative load step change).

3) The controller will set the PWM low (for a positive load
step) or high (for a negative load step) at a determined
switching time instant ¢5. o should be such that the net
capacitor charge over the transient period is zero (i.e.,
Acharge = Adischarge)- This will cause the output voltage
to equal the reference voltage at the exact moment that the



MEYER et al.: DIGITAL CHARGE BALANCE CONTROLLER TO IMPROVE THE LOADING/UNLOADING TRANSIENT RESPONSE

WSA k

LY .
inductor current
& ¢

< oz

load curreni Io
' output voltage v,

reference
voltage V.

Fig. 5. Proposed controller operation following a negative load step.

inductor current equals the load current. Determination of
to will be discussed in Section III.
Following the recovery from the load transient, the controller
will return to its linear voltage-mode operation.

B. With Load-Line Regulation

Load-line regulation (a.k.a. AVP) has increasingly become
a requirement in many Buck converter applications. Load-line
regulation essentially involves outputting lower voltages dur-
ing higher load current conditions. This assists in improving
the overall transient performance of the converter along with
decreasing power consumption of the load device. As will be
demonstrated, the proposed controller is capable of smoothly
transitioning between two steady-state voltages in order to fa-
cilitate load-line regulation. In order to describe the operation of
the digital charge balance controller with load-line regulation,
two separate cases must be taken into consideration.

1) Case#l: Asillustrated in Fig. 6, Case #1 occurs when the
voltage deviation magnitude is larger than the allowed steady-
state voltage change (determined by the droop resistance |v,o—
Uo1|), as expressed in the following relation:

|2 (i — i) dt]

Oo 2 |AI()| . Rdroop (1)

where t; represents the first instance that the inductor current ¢,
equals the new load current /,5.The constant Rg,,0p, represents
the Buck converter’s desired output impedance. A, represents
the difference between the final load current 1,5 and the initial
load current I,,. C, equals the Buck converter’s output capac-
itance. For a negative load step, under Case #1 conditions, the
PWM signal will be kept low from ¢ to ts. ¢ is such that (2)
is true. For a positive load step, under Case #1 conditions, the
PWM signal will be kept high from ¢, to ¢5. 5 is such that (3)
is true. Determination of ¢, will be discussed in Section III

Adischargc - Achargc = AIo : Rdroop : Co (2)
Acharge - Adischarge = _AIO : Rdroop : C'0- (3)

It is important to note that for low duty-cycle applications (e.g.,
12 Vg — 1.5 V4. conversion), Case #1 will likely occur for
negative load current step changes since it is common practice
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to allow the output voltage to overshoot the load-line regulation
window for a short period of time.

2) Case #2: Case #2 occurs when the output voltage de-
viation magnitude (at ¢;) is less than the allowed steady-state
voltage change (determined by droop resistance |v,1—v,2]) as
shown in Fig. 7 for a positive load current step change.

It is observed that an additional switching instant must occur
in order to allow the output voltage to reach the new steady
state-state value with minimal settling time. At time instant ¢;
(the moment that the inductor current first equals the new load
current), the PWM signal is set low in order to remove additional
charge from the capacitor. At time instant ¢o, the PWM signal
is set high such that at ¢3, the inductor current equals the new
load current and (4) is true

Adischargel + Adischarge? = AID : Rdroop : Co- (4)

For low duty-cycle applications (e.g., 12 V4. — 1.5 Vg,
conversion), Case #2 will likely occur for positive load step
changes since it is common practice to design the load-line
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regulation voltage window based on the worst case transient
conditions (i.e., unloading transient events). Determination of
to will be discussed in Section III.

III. CALCULATION OF SWITCHING INTERVALS BASED ON A
DIGITAL DOUBLE ACCUMULATOR

This section will highlight the use of a digital double accu-
mulator to determine the switching instant ¢» required such that
Acharge and Agischarge are balanced appropriately. In order to
simplify the derivation of the control method, there are three
key assumptions regarding the load current and input voltage
behavior.

1) The slew rate of the load variation is very large compared
to the slew rate of the output inductor. In other words, the
load variation can be viewed as an abrupt “step.”

2) The load current remains constant for the duration of the
operation of the nonlinear control loop.

3) The input voltage remains relatively constant for the du-
ration of the operation of the nonlinear control loop.

In most microprocessor applications, applications 1 and 2 are

typically valid.

A. Without Load-Line Regulation

Referring to Figs. 4-7, it is the calculation of the switching
point ¢o that typically requires complex mathematical computa-
tion in [20]-[24]. However, it is demonstrated in [3] that through
the use of a double integrator, the switching point o may be de-
termined in real time without the use of multiplication/division.
The charge balance equations, previously derived in [3], are
expressed in (5) and (6) for a positive and negative load step,
respectively

t1 to
V;// dtdt—Vm// dtdt =0 5)
to ty
t to
(Vin—Vo)// dtdt—Vm// dtdt =0.  (6)
to t1

Thus, a digital double accumulator (see Fig. 8) may be em-
ployed (in lieu of an analog double integrator) to calculate the
optimal switching moment ¢», as illustrated in Fig. 9.

kVi, and KV, are digital variables representing the input and
output voltages of the Buck converter. f.); represents the clock
frequency of the double accumulator. The input voltage of the
converter may be preprogrammed or sensed using a slow ADC.
As illustrated, the switching moment ¢5 is determined when the
double accumulator output returns to zero. However, modifica-
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tions must be made to this method for applications that require
load-line regulation.

B. With Load-Line Regulation

This analysis will be separated into Case #1 and Case #2, as
defined in Section II.

1) Case #1: Referring to Fig. 6, the controller’s goal is to
drive the converter such that the inductor current reaches the
new load current at the exact moment ¢3 that the output voltage
reaches its new steady state voltage v,s.

In order to achieve this, (3) is modified such that A 4ree and
Adischarge are expressed in terms of the positive and negative
slew rates of the inductor current, as shown in

ty t ) 2
/ 7@&&—/) M G Gy g
t t

my

0 1

=—-Al- Rdroop ' Co (7)

where m; represents the rising slew rate of the inductor current
when the converter’s PWM signal is high. ms represents the
falling slew rate of the inductor current when the converter’s
PWM signal is low.

It is assumed that m; and m» are relatively constant for the
duration of the transient event (neglecting inductor DCR and
MOSFET Rygs_on)- This assumption holds true for low-voltage,
high-current designs where components are chosen with very
low dc resistances.

By assuming that the load current step magnitude is large
compared to the magnitude of the steady-state capacitor ripple
current, A1, can be estimated by integrating the negative induc-
tor current slew rate ms over the time period 7} (from ¢, to t),
as shown in

31 ta . 2
/ 7@&&—/‘ MM G
ty

to m

tl
= Rdroop : Co madt (8)

t0

where ms can be divided from all terms of (8). The approxima-
tionsmy = (Vi — V,))/L, and my = —V, /L, are then substituted
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into (8) to produce

i — V /L) (Vo/L)

J [

dtdt

ty
= Rdroop ' Co / dt. (9)
to

By simplifying (9) and multiplying both sides of the equation
by (Vin, — V), the final equation is presented in

tq to
(Vi — V) / dtdt — Vi, / dt dt
to

ty
t1

vy |

to

= Rdroop : Co : (‘/in (10)

Thus, ¢ can be determined for a negative load current step
change, with load-line regulation implemented, by using the
digital accumulator operation illustrated in Fig. 10.

Itis observed that an additional digital accumulator (load-line
accumulator) is required when load-line regulation is enabled.
For a negative load step, C Raroop - feik-(kVin—kV,) is applied
to input of the load-line accumulator for the interval T (from
to to t1), according to (10).

Essentially, the charge balance “zero” of the second accumu-
lator is shifted to compensate for load-line regulation. It should
be noted that the output of a single accumulator is being com-
pared to the output of two accumulators in series; therefore, the
input constant (R4roop-Co) of the load-line accumulator must
be multiplied by fy.

If at t;, the value of the load-line accumulator is greater
than that of accumulator 2, (1) is not satisfied, and Case #2 is
detected.

2) Case#2: Referring to Fig. 7, the positive load step change
will be used as an example since Case #2 is not as likely to
occur for a negative load step. The charge balance formula can
be calculated using

Adischargel + Adischarge? =Al- Rdroop : Co~ (11)
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Through similar derivation as presented earlier, (11) can be
modified to

i1 ts . 2
/ me dt dt + / MMy MG Gy
to t

f my
ty
mldt.

= Rdroop : Co (12)

to
Equation (12) can be simplified by first multiplying both sides
of the equation by (ma/m;), as expressed in

ty to 2
/ my dt dt + // s
to t

- (my 4+ mg)dt dt

ty

- Rdroop ' Co mzdt. (13)

to
Since ms and m; are assumed to be constant, the second
double integration term can be simplified by modifying the
period of integration, as expressed in

// ml +m2 7dt7dt // ml +m2 dtdt

(14)
As shown in (14), the time interval of the second integration
term is modified to ¢ — ty,. t1, is defined in

tla —tl + - Tl
my

15)
where T equals the time interval between the capacitor current

zero crossover point £; and the switching point o (see Fig. 7).
By substituting (14) into (13), (18) is created

t1 tia
/ mgdtdt + // (m1 + mg)dtdt
to t1

= Rdroop ' Co

t1

madt. (16)

to

Equation (18) implies that at the moment that the output
of accumulator 2 equals that of the load-line accumulator, the
time interval is |mo/my | * T7. It is now necessary to determine
time interval 77 (and thus switching time instant t5). Using
the mathematical relationship (19), an additional accumulator
(Case 2 accumulator) can be used to determine 77

t1a to

mldtf
t ty

madt = 0. (17)

By simplifying (17), substituting in for m, and ms, and mul-
tiplying both sides by L,, (18) is created

tia to

ty tia

(18)

Therefore, through use of an additional accumulator and (18),
it is possible to determine ¢, as illustrated in Fig. 11. It is noted
that no multipliers or 2-D LUTs were required to calculate £5.

IV. DETAILED OPERATION OF DIGITAL
CHARGE BALANCE CONTROLLER

During steady-state conditions, the converter is controlled
by a digital linear voltage-mode compensator. In order to
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implement steady-state load-line regulation, the compensator’s
digital error input is shifted based on measured inductor current
values. In order to prevent significant loop interaction between
the voltage loop and the load-line loop, the steady-state con-
troller calculates the load current by averaging the inductor
current of four successive switching periods.

As shown in Fig. 1, the analog voltage error is fed to the
ADC and to a quasi-differentiator (with roughly the same time
constant as the C,/ESR combination of the converter’s out-
put capacitor). Following a load transient, the output of the
quasi-differentiator will rapidly exceed a predetermined thresh-
old causing either the posDetect or negDetect signal to go high.
The predetermined threshold should be such that it is only ex-
ceeded during large load transients. The detection of either sig-
nal will cause the controller to immediately enter transient mode.
At this point, the linear controller integration will be frozen and
the charge balance controller will retain control of the converter.
The operation of the charge balance controller can be described
in four steps.

A. Step I: Detect Load Transient and React

Following the detection of a load transient (at t;), the con-
verter’s PWM signal will be controlled by the charge balance
controller. For a positive load step, the PWM control of the
converter will be initially set high. For a negative load step, the
PWM control will be initially set low.

The 4:1 input multiplexor (MUX) (see Fig. 8) will select
either kV,, (for a positive load step) or kV;, —kV,, (for a negative
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load step). The output of accumulator 1 will begin to increase
linearly and the output of accumulator 2 will begin to increase
exponentially. If load-line regulation is enabled, the /oad-line
accumulator’s output will be begin to increase linearly at a rate
of fflk ‘RaroopCo-(kViy, —kV,) (for a negative load current step)
or flk ‘Raroop-Co-kV, (for a positive load current step).

B. Step 2: Predict Capacitor Current Zero Crossover Point

It is crucial to precisely determine the capacitor current zero
crossover point ¢1. In order to estimate the capacitor current,
it is possible to approximate the output voltage derivative by
oversampling (fsamp > fsw) the voltage error and measuring
the difference between successive samples. However, since it is
important to determine the precise time instant ¢, it is neces-
sary to detect ¢; with fine resolution. By increasing the sampling
frequency, the time resolution of ¢; can be improved; however,
quantization noise will be increased. In addition, since the out-
put voltage is relatively flat for a substantial period before and
after the capacitor current zero crossover point, it is difficult to
accurately determine the precise moment that the output voltage
derivative changes signs through direct digital sampling.

Thus, in order to improve the effective resolution and accu-
racy of ¢; while not excessively increasing the sampling fre-
quency, a zero crossover point predictor is proposed, as shown
in Fig. 12. The predictor is based on the hybrid capacitor current
estimator presented in [18]; however in the proposed method,
the inductor value is not required, which is a significant im-
provement. As shown in Fig. 12, the voltage error derivative is
monitored for a set interval following the load step. The con-
cept of the i, zero crossover predictor consists of two points:
1) calculate the absolute value of the slope of the voltage er-
ror derivative over the monitoring period; and 2) calculate the
magnitude of the voltage error derivative at n = keyq.

The absolute value of the slope is calculated by comparing
the voltage error derivative at the end of the monitoring period
to the voltage error derivative at the beginning of the monitoring
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Fig. 13.  Accumulator setup to predict capacitor zero crossover point ¢1 .

period, as equated in

dverr

dt

dve T

W(kstart) - (kend) . (19)

Imic| =

The magnitude of the output voltage derivative at ke,q can
be estimated by calculating the average of successive derivative
samples and then adding a term to compensate for the averaging
and ADC acquisition delay, as equated in

n=Fkend
. zjic,u, d?} T ‘mi(:|
|Zc(kend)| = = [ Z det (n) + 2

T
fe-clk n=kstart+1

TAD _del

'(Nsamp + 1) + (20)

| i6|
T‘ic,acq

where T}, _.x equals the effective timing resolution of the ¢,
zero crossover predictor which is determined by the system
clock frequency. T;. ,cq is equal to the period at which the
voltage error derivative is being calculated. Ngamp, equals the
number of Tj._,cq periods that occur in the monitoring period
(e.g., in the case of Fig. 12, Nyamp = 4). Tap _del €quals the
ADC delay. For relatively simple digital calculation, N,
and T _acq/Tic_c1x should be chosen to be 27. In this manner,
multiplication can be carried out by simply shifting register bits.
Using the capacitor current slope and magnitude calculated in
(19) and (20) respectively, it is possible to predict ¢;, by use of
an accumulator as illustrated in Fig. 13.

After the monitoring interval, the accumulator output will
increase linearly with a slope proportional to the capacitor cur-
rent slew rate. When the output of the accumulator equals the
calculated magnitude of the capacitor current |i..(kenq)|, it is de-
termined that the capacitor current has crossed zero. If the ESR
of the output capacitor is significant, a constant digital delay (of
Tye1_Esr = C,-ESR) may be added to the detection of ¢1 to com-
pensate. In order to improve accuracy and mitigate quantization
noise effects, each output voltage sample can be composed of a
sum of successive output voltage samples acquired at a period
1727 of Tj¢ _aeq-

Since the calculation of |m;.| and |i.(kenq)| is unit less and
proportional to each other, the aforementioned method is capa-
ble of predicting the ¢. zero crossover point without knowledge
of the input voltage, output voltage, nominal inductor value, or
the output voltage error sensor gain.

Immediately following the prediction of ¢, , the controller will
send a pulse to the c/r input of accumulator 1 to reset its output
(as shown in Figs. 9—11). The input of accumulator I will then
be set to kV,.

If load-line regulation is enabled, the controller will also:
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Fig. 14.  Output voltage response due to capacitor parameter mismatch.

1) sample the inductor current at ¢; . At this point, the inductor
current will equal the new load current; therefore, the
sample point can be used in the linear compensator, for
load-line regulation, following the transient;

2) freeze the output of the load-line accumulator, as described
by (10) and (16);

3) determine if Case #1 or Case #2 is occurring by comparing
the output of accumulator 2 with the output of the load-line
accumulator (see Figs. 10 and 11).

If Case #1 is detected or load-line regulation is not enabled,

accumulator 2 will be set to decrement (see Figs. 9 and 10).

If Case #2 is detected, the converter’s PWM signal will be
set low (for a positive load step), as shown in Fig. 7. The Case
2 Accumulator will be activated and will increase linearly at a
rate of kVy, —2-kV,, as shown in Fig. 11.

It is noted that the capacitor parameters (C,, ESR) must be
known in order to obtain an accurate detection of the capacitor
zero crossover point (;). Due to tolerance, the exact parameters
of the output capacitors may not be known. This will affect the
timing of ¢, 5, and t3. A capacitor parameter mismatch will
not affect the voltage deviation but will affect the settling time,
as shown in Fig. 14.

It should also be noted that the accuracy of the digital cal-
culation of the slope and prediction of capacitor zero current
crossover point are related to the ADC’s resolution. In this paper,
the ADC resolution is relatively fine; however, if the ADC res-
olution were coarse, the miscalculation of switching instances
may be larger than that implied in Fig. 14.

C. Step 3: Determine Switching Point to

If Case #1 is detected or load-line regulation is not enabled,
the converter’s PWM switch state will change at the moment
that accumulator 2’s output is less than that of the load-line
accumulator (see Figs. 9 and 10). This will cause the inductor
current ¢, to slew toward the new load current 1,2 (see Figs. 4—
6).

If Case #2 is detected, the Case 2 accumulator will begin
to decrease linearly at a rate of £V, (for a positive load step)
when the output of accumulator 2 exceeds that of the load-line
accumulator. As shown in Fig. 11, when the Case 2 accumulator
returns to zero, ty is detected and the PWM state is altered. As
shown in Fig. 7, the inductor current will begin to slew toward
the new load current /5.
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D. Step 4: Determine End of Transient and Return Control to
Linear Compensator

As illustrated in Figs. 4-7, the end of the transient occurs
when the inductor current 7;, equals the new load current [, for
a second instance at ¢3 (i.e., the moment that i, equals zero for
a second time). This can be detected by emulating the capac-
itor current following ¢;. A digital accumulator (accumulator
3) is used to emulate the magnitude of ¢.. The accumulator in-
crements during time interval 7} and decrements during time
increment 75 . The input of accumulator 3 is kV;, —kV,, when the
converter’s PWM signal is high and is KV, when the output of the
PWDM signal is low. In other words, the output of accumulator 3
is proportional to the absolute value of the capacitor current i,
during 7} and T5. Therefore, when the output of accumulator 3
returns to zero, t3 is detected and transient is over.

When t3 is determined, the controller disables the transient
controller and unfreezes the linear controller. The linear con-
troller DPWM timer will be synchronized such that the mode
transition occurs midway during the switching “off™ period; this
will facilitate a smoother transition.

It is important to note that the linear controller has already
received the new load current [,, (measured at ¢;) for load-
line regulation use. This operation will mitigate switchover
effects that may occur following the transient-to-steady-state
mode change.

V. EXPERIMENTAL RESULTS

In order to demonstrate the proposed controller’s effective-
ness, a Buck converter prototype was built with the following
parameters: Vi, = 12V, V, = 15V, f,, = 400 kHz, L, =
1 pH, C, = 180 puF, ESR = 0.5 m£2, ESL = 100 pH. The output
impedance Rgroop Was set to 5 m€).

The high-pass filter corner frequency of the analog transient
detector was set to approximately 600 kHz, and the gain was set
to 5. Therefore, the parameters were C _tyans = 1 nF, Ry _t1ans =
300 Q, R _trans = 1.5 k€. C_trans Was equal to 10 pF.

The voltage error ADC and the inductor current ADC each
used 8-bit conversion; the ADC conversion range was 1 V. The
voltage error sensor gain Gap was equal to 5.

The i. zero crossover predictor calculated the derivative ev-
ery Tj._acq = 160 ns (averaged using a finite impulse response
filter from v, samples acquired every 40 ns) and was capable
of producing an effective resolution of 7;._.jx = 10 ns. The
monitoring period of the i, zero crossover predictor was dy-
namic based on the direction of the load current transient. For
positive load transients, the monitoring period was 320 ns (i.e.,
Ngamp = 2). For negative load transients, the monitoring pe-
riod was 1.92 us (i.e., Ngamp = 12). It is important that the
monitoring conclude before the inductor current equals 1,5.

The controller was implemented on an Altera Cyclone II
FPGA chip. The chip is capable of utilizing over 70 000 logic
elements; however, the combination of the i, zero crossover
predictor and the double accumulator blocks requires only a total
of 450 logic elements. It is important to note that no multiplier,
divider, square root, or 2-D LUTSs were required to implement
the digital charge balance controller.
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Fig. 15. Experimental setup: “Daughter card” Buck converter used with DE2
development board.
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Fig. 16.  Digital charge balance controller’s response to a 0 A — 11.5 A load
step without load-line regulation (output voltage and phase voltage).
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To support the Altera FPGA, a Terasic DE2 development
board was used, as shown in Fig. 15. In order to improve signal
integrity, the Buck converter was designed as a “daughter card”
that plugs directly into the DE2 expansion slot.

During startup, the controller exclusively relies on the lin-
ear PID controller to perform a digital “soft-start” response.
The reference voltage of the PID controller is increased at a
controlled rate until the output voltage has reached the target
reference voltage. Until this moment, the nonlinear control loop
is deactivated.

The previously defined converter and controller are subjected
to rapid load current transients to demonstrate the effectiveness
of the proposed controller. Fig. 16 illustrates the controller’s
reactionto a0 A — 11.5 A load step (without load-line regula-
tion). For reference, the time instants ¢,—t3 were superimposed
on the scope display to better illustrate the controller’s behavior.

Fig. 17 illustrates the inductor current (measured from the
analog inductor current sensor shown in Fig. 1). For reference,
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Fig. 17. Digital charge balance controller’s response to a0 A — 11.5 A load
step without load-line regulation (inductor current and load current).
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Fig. 18.  Digital charge balance controller’s response to a 0 A — 11.5 A load
step without load-line regulation (output voltage and phase voltage).

the load current and time instants {y—t3; were superimposed on
the graph.

As illustrated, the controller reacts to the load current transient
with minimal delay by setting the PWM signal high at time ;.
The recovery time of the converter is only 4 ys.

It is noted that following the initial recovery time of 4 us,
the linear PID controller requires some additional time to fully
recover. This is primarily due to a variation of the input voltage
while the PID controller is frozen. Additional input capacitors or
a wider PID controller bandwidth can mitigate this undesirable
behavior.

Fig. 18 shows the controller’s reaction to an 11.5 A — 0 A
load current step change (without the use of load-line regula-
tion). Fig. 19 illustrates the inductor current (measured from the
analog inductor current filter).

The converter is capable of recovering from the load current
transient within 12 ps with a voltage deviation of 160 mV.

1323

Tek Prevu | { — ]
f— 12us —b-l
. fooesbadossinitd
f M | | [ :
‘—5\4\ **G?H‘SA | l Siiperdiaposed
" | t Load Current
NG |
! t

Inductor Current

I N I
: \l{ (5A/div)
. L |
lL 'L lL | Load Current Sié‘;nal “
[ ’ . r ‘ . ;
Jb tJ.r !1213
Chil 5.00v & Ma.00)1s] A] Ch1 % 1.10V

OIE S50.0mv &

Fig. 19. Digital charge balance controller’s response to an 11.5 A — 0 A load
step without load-line regulation (inductor current and load current).
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Fig. 20. Digital charge balance controller’s response to a 0 A — 11.5 A load
step (with load-line regulation).

Fig. 20 illustrates the controller’s reactiontoa 0 A — 11.5 A
load step (with load-line regulation). In other words, the steady-
state output voltage will transition from 1.5 V (at I,; = 0 A)
to approximately 1.44 V (at I, = 11.5 A). Fig. 21 illustrates
the inductor current (measured from the analog inductor current
Sensor).

As is observed in Fig. 20, Case #2 occurs fora0 A — 11.5 A
load step. As shown, the controller reacts to the positive load
step by immediately setting the PWM signal high; however,
when the inductor current equals the new load current (at ¢;),
additional charge must be removed from the output capacitor in
order for the output voltage to decrease to its new steady-state
value. Thus, the PWM signal is set low until time instant £ in
order to remove additional charge from the output capacitor in
the fastest manner possible.

It is shown that the transition between the charge balance
controller and the linear controller is relatively smooth. This is
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Fig. 21. Digital charge balance controller’s response to a 0 A — 11.5 A load
step with load line-regulation (inductor current and load current).
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Fig. 22.  Digital control signals of charge balance controller during 0 A —

11.5 A load current transient with load-line regulation (Case #2).

facilitated by the load current information (measured at time
instant ¢ ) being passed directly to the linear controller.

For clearer understanding of the operation of the controller,
the digital signals of the controller during the positive load cur-
rent step transient are shown in Fig. 22. The digital signals were
extracted during experimental tests using an embedded logic
analyser. For reference, the time instants ty—t3 were superim-
posed on the graph.

Since the output of accumulator 2 is less than that of the load-
line accumulator at time instant t;, Case #2 is detected. Thus,
additional charge must be removed from the capacitor and the
condition for Case #2 exists. The case 2 accumulator is used to
determine the switching moment ¢5. As shown, all time instants
are consistent with the expected values according to Figs. 20
and 21.

Fig. 23 illustrates the controller’s reaction to an 11.5 A —
0 A load step (with load-line regulation). Fig. 24 illustrates the
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Fig.24. Digital charge balance controller’s response to an 11.5 A — 0 A load
step with load-line regulation (inductor current and load current).

inductor current (measured from the analog inductor current
Sensor).

As illustrated, the converter is capable of recovering from the
unloading transient within 11 us.

Fig. 25 shows the experimentally obtained digital signals of
the controller during the negative load current step transient with
load-line regulation.

Since the output of accumulator 2 is greater than that of the
load-line accumulator at time instant ¢;, Case #1 is detected.
The PWM signal is set low until the output of accumulator 2
is less than the output of the load-line accumulator (at ts). As
shown, all time instants are consistent with the expected values
according to Figs. 23 and 24.

Itis shown that the transition between the charge balance con-
troller and the linear controller is relatively smooth in Figs. 20
and 23. This is facilitated by the previously measured load cur-
rent information being passed to the linear controller.
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Fig. 25. Digital control signals of charge balance controller during 11.5 A —
0 A load current transient with load-line regulation (Case #1).

VI. CONCLUSION

A digitally implemented charge balance controller was pre-
sented in this paper.

It is demonstrate that the proposed controller possesses the
following advantages over previously proposed controllers.

1) The proposed method uses an analog transient detector
and an asynchronous “interrupt” in order to react to a load
step virtually instantaneously, significantly improving the
transient response.

2) The proposed controller does not require 2-D LUTS
or multipliers to calculate optimal switching intervals,
thereby decreasing the number of gates and chip real-
estate required.

3) Unlike previous methods, the proposed controller does
not require the nominal value of the output inductor to
estimate the capacitor current zero crossover point and
calculate the appropriate switching intervals,

4) Through the addition of a couple of digital accumulators,
the proposed method can be extended to load-line reg-
ulation applications, which is an important criterion in
modern voltage regulators.

Experimental results were presented, which demonstrate the
feasibility and effectiveness of the proposed controller. As
demonstrated, the controller is capable of driving a Buck con-
verter to recovery in a very short time period (<4 ps for a
loading transient and <12 ps for an unloading transient). These
results are equivalent to previous results demonstrated by the
previously presented analog controller [3], and are superior to
the results demonstrated by the digital controller [22].

It is also shown that, even with load-line regulation, the
switch-over between transient and steady-state modes is rela-
tively smooth. Since the proposed digital charge balance con-
troller does not utilize digital multipliers, dividers, or 2-D LUTs,
the addition of the nonlinear algorithm consumes a modest 450
Altera logic elements and can be transferred to low-cost ASIC
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or Complex Programmable Logic Device (CPLD) implementa-
tions.
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