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Unified Digital Current Mode Control Tuning With
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Abstract—Linear small-signal models of a de—dc converter of-
ten ignore switching dynamics; thus such models are insufficient
to fully explore the performance objective under large signal tran-
sients. Linear/nonlinear hybrid controllers are promising alter-
natives; however, they require structurally different hardware
resources along with extra antiwindup arrangements. This paper
proposes a geometric tuning method in a digitally current-mode-
controlled buck converter under continuous-conduction mode.
This considers a proportional-integral voltage controller along
with a load current feedforward in the digital domain, while the
inductor current has a traditional analog implementation. This re-
sembles a first-order switching surface with near load-invariant
regulation; thus a (fixed) small integral gain is sufficient to min-
imize the steady-state error. Using phase-plane geometry, the ob-
jective is to tune the controller gain in a way to achieve proximate
time optimal recovery using a fixed-frequency pulse-width mod-
ulator and also to retain the large-signal stability. The effects of
parameter variation and finite sampling are analyzed. The pro-
posed tuning is implemented using an FPGA device.

Index Terms—Buck converter, current-mode control (CMC),
digital pulse-width-modulator (DPWM) controller tuning,
geometric approach, time-optimal recovery.

1. INTRODUCTION

IGITAL power management has been growing at a rapid

pace due to their ease of integration with other digital sys-
tems, ability to implement high-performance control schemes
[1]-[4], immunity to noise and analog component variations,
compact size, real-time energy optimization [5], [6], and faster
time-to-market. This paper considers a digitally current-mode-
controlled (CMC) buck converter and attempts to develop a
unified tuning method to achieve proximate time optimal (large-
signal) recovery using a fixed-frequency modulator.

A proportional-integral-derivative (PID) controller finds wide
spread applications, because of its simplicity, ease of use, and
clear functionality [7]. This is a special form of a phase lead-lag
compensator with one pole at the origin and the other at infinity.
Difficulties of offline PID controller tuning are because of un-
known load characteristics, as well as parameter uncertainties
of the converter. This necessitates real-time controller tuning for
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sake of a more optimal design over a wide operating range [8].
PID controller tuning based on model reference adaptive con-
trol were successfully applied to a continuous-conduction mode
(CCM) buck converter in [9] and [10]. Any adaptive control
should ensure stability of the adaptive loop for the controller
parameters to converge. Tuning methods based on online iden-
tification of the converter control-to-output frequency response
can overcome these limitations, which have been successfully
applied to CCM buck converters in [11] and [12]. Relay feed-
back based autotuning of a digitally controlled dc—dc converter
is proposed in [13]. An autotuning method of a PID controller
based on online frequency response measurement is presented
in [14]. A robust tuning method based on desired phase margin
was proposed in [15]. A nonlinear PID controller can achieve
improved performance [16]. However, because of ignoring the
switching dynamics using linear small-signal models, the per-
formance and stability objectives cannot be fully explored.

Time-optimal control algorithms have been reported in the
context of dc—dc converters [17]—[27]. These include bound-
ary control methods [19]-[21], which use first order, second,
or higher order, including natural switching surfaces, with the
objective to achieve time-optimal recovery. A higher order is
expected to provide a better proximity; however, sensing re-
quirements and the controller complexity increase significantly.
Moreover, majority of the above methods suffer from switch-
ing frequency variation at a steady state. Linear/nonlinear hy-
brid controllers are alternative approaches, in which a linear
pulse-width-modulation (PWM) technique is interfaced to op-
erate when the trajectory moves toward the target operating point
[22]-[24]. However, these require separate hardware resources
and additional antiwindup arrangements. The objectives of this
paper are 1) to frame a first-order switching surface in [24] to a
current-mode digital PWM controller, and 2) to tune the propor-
tional voltage controller under finite analog-to-digital converter
(ADC) sampling 3) to achieve proximate time-optimal (large-
signal) recovery, which would reduce the hardware resources
and (real-time) computational requirements.

This paper proposes a geometric tuning method in a digitally
CMC buck converter with a load current feedforward using a
PI voltage controller. Using phase-plane geometry, an optimal
proportional gain k), is analytically derived using the operating
point information. This can achieve proximate time-optimal re-
covery using a fixed-frequency modulator by varying k,, in real
time. The effects of parameter variation and finite sampling are
analyzed. The proposed method is implemented using an FPGA
device.

The paper is organized as follows: Section II introduces
a geometric tuning approach in a digitally CMC buck con-
verter, including various practical aspects. Section III discusses
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Fig. 1. A synchronous buck converter under mixed-signal current mode con-
trol (MCMC) with load current feed-forward.

robustness against parameter variation and large-signal stability
analysis. Section IV presents hardware implementation and
experimentally justifies the merits of the proposed tuning.
Section V concludes the paper.

II. PROPOSED GEOMETRIC TUNING APPROACH
A. Switching Surface Formulation Using PWM Control

Consider a CMC buck converter with a load current feed-
forward and a PI voltage controller. The overall control can be
framed into a switching surface as [17]

g = kp(vref - 'Uo) + ki / (Uref - Uo)dT - (iL - io) (1)

where k, and k; are the proportional and integral gains; vycf is
the reference voltage; ¢7, and 7, indicate the inductor current and
load current; the error current (¢;, — ,) indicates the capacitor
current 7. for a CCM buck converter. The control mechanism in
Fig. 1 is similar to fixed frequency 1) CMC with load current
feedforward as well as 2) current injection control in [25]. For
k; =0, (1) resembles a first-order switching surface, in which
the current error (i;, — 4,) can be used for the derivative purpose
[26]. This can replace a direct voltage derivative and minimize
the high-frequency noise injection. This can also improve the
(load) transient response using the load current feedforward. It
significantly improves the output impedance [25] and achieves
near load-invariant regulation even in absence of an integral ac-
tion. Thus, a small (fixed) integral gain is sufficient to minimize
the steady-state error.

B. Mixed-Signal CMC (MCMC) With Load Current
Feedforward

Fig. 1 shows the schematic of a MCMC buck converter, in
which the fast-changing inductor current ¢, is considered in
the analog domain. A variety of power-efficient current sensing
methods are available in the literature [28] as well as in vari-
ous commercial products [29], such as LM3075, FSL4110LR,
RC5057, etc. An ADC along with an analog multiplexer (MUX)
can be used for sampling v, and ¢,. This utilizes the real-time
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tuning flexibility of the digital voltage controller G.(z) and
allows one to implement high-performance control algorithms.

A counter-based digital pulse-width-modulator (DPWM) is
considered, which is incremented using the rising edge of the
controller clock Fij; with the time period ¢.jx. A set value N,
is used to generate a fixed-frequency switching clock Fy with
the time period Ty = (Vs + 1) X t.x. The output voltage is
sampled with a rate F), ; which is also used for computation of
the digital voltage controller G, (z). The controller output v, [n]
is then added to the sampled load current i, [n] which is sampled
at the rate of the switching clock F;. The DPWM output v
can be added for an optional discrete-time ramp compensation.
Thereafter, the result is converted into an equivalent analog
voltage v4 using a D/A converter and directly compared with
the inductor current 77, in the analog domain. The comparator
output u, is then latched using an RS flip/flop. The dead-time
circuit uses the output u to generate gate signals uy and up,
for the respective high-side and low-side MOSFETs as shown in
Fig. 1.

C. Indirect Methods for Extracting Load Current Information

The proposed tuning method in Section II-B requires load
current information, and direct sensing may not be possible, not
even practically recommended for high-current applications.

Incidentally direct sensing is not required for modern digital
devices, consisting of smart processors, of which the task sched-
ulers can provide detailed information of the sequence of tasks
along with the estimated start and end times, energy require-
ments, etc., [30], [31]. These can be directly used for extracting
the desired time-domain current and voltage profile of a task.
Thus, load current information can be obtained in a digital form,
which can be used in the proposed scheme.

Additionally, load current information can be obtained from
1) the current regulators in LED driving applications and 2) the
data bus in PMBus for dc distribution systems. Also the method
of load current estimation in [32] can be used. The load step-size
information which is required for the proposed tuning can be
obtained using any of the above indirect methods. However, a
certain degree of inaccuracy can be expected, even using a direct
sensing method, and its effect on the optimal gain formulation
should be investigated. This issue is thoroughly discussed in the
subsequent section.

D. Capacitor Current Control: Indirect Sensing and
Estimation

The proposed scheme in Fig. 1 can also be framed as current
injection control using the feedback capacitor current (i;, — 4, )
in the inner current-loop. However, the outer voltage controller
G.(z) and the objective of optimal gain formulation remain
the same as that of the other configuration. Here an under-
shoot/overshoot in the capacitor current represents the load step-
size after a load step-up/down transient is imposed.

Various capacitor current sensing techniques are proposed,
such as the use of current transformers [33], non-invasive sen-
sor for indirect capacitor current measurement in [34]-[36].
These methods are useful, which rely on impedance matching.
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However, the sensed current may considerably deviate during
the initial phase of a large-signal recovery. Capacitor current
estimation techniques in [22], [24], [26] can enable high fre-
quency implementation, which require a higher ADC sampling
rate and a finite convergence time.

The proposed tuning method can be applied to any of the
above configurations to tune the digital voltage controller. How-
ever, the use of indirect sensing or estimation methods may lead
to inaccuracy in load step-size information, the effects of which
are discussed later. The rest of this paper develops a geomet-
ric controller tuning approach in a synchronous buck converter
under finite hardware resources.

E. Proximate Time Optimal Gain Formulation

Consider the state variables in (1) as xy = i, — i, = 7. and
To = Upef — Ve, Where i, is the capacitor current and v, is the
voltage across the capacitor. The output voltage v, would be
the same as the voltage across the capacitor, v, if the effective-
series-resistance (ESR) is ignored; thus the state-space model
of a CCM buck converter becomes

1 U —1 ‘
M: * I H* T
b - T3 ’
2 C 0 0 0 0 Uref

2)
If the control signal w is set to “logic 1,” the high-side MOSFET is
turned ON; otherwise, the switch is turned OFF. The state-space
solutions for the former and the latter represent the ON- and the
OFF-state trajectories, and a general form becomes

iy vy
Zf/ xdx; —|—/ (z2 + uviy, — Vyer)dze =0 (3)

where i), and vy, are initial/final conditions of x; and x5, respec-
tively; Z. = /L/C is the characteristic impedance. The index
“K” corresponds to either an initial condition index *“i” or a final
condition index “f”. Using (3), the general solution can thus be
obtained as

Fi(viyii) = Fy(vg,if),

- 2 2

1k v UVin Uref

— + 71{2 + ) UV — 72'016
2 27?2 Z? Z?

F(vg,ix) = } )

1) Step-Up Transient: Consider a load step-up transient in
Fig. 2(a). The trajectory moves along the on-state trajectory
starting from an initial vector (0, —Ad%, ). After intersecting o

(b)

(c)

Phase-plane plots under step load transients with (a) finite sampling effect, (b) ESR and detection delay, and (c) using integral gain throughout.

in (1) at (vq, 41), it follows the off-state trajectory to reach the
final condition (0, 0). After a step-up transient is imposed, in-
stantaneous load current becomes i, = i,; + Ai,. Thereafter,
using (4), the on-state and the off-state trajectories can be ob-
tained [1], which are simplified as

Ai,

up
2Uin b 2'Uin

2
where Ayp = /4Vin Vet — Ai2Z, . 5)

The effects due to the finite voltage-loop sampling and the tran-
sient detection delay need to be considered. After the on-state
trajectory intersects o in (1) at (vy,4 ), the finite voltage loop
sampling may introduce a delay before the off-state trajectory
becomes active. Considering 7T}, , to be the worst-case delay, the
initial conditions for the off-state trajectory are derived as

(Aio)\up miT, s
(6)

2vin 2
where m is the rising slope of i.. It is apparent from Fig. 2(a)
that a delay would result in extra overshoot and undershoot,
and this would deviate from the optimal recovery condition.
However, this can be adjusted by decreasing the slope of o such
that the on-state trajectory will intersect at (v, i) as
my Tz),s >

< AZ.o)\up o
@)

2’()111 2
Above expression implies a conservative choice, which would
avoid any additional overshoot/undershoot. During a large-
signal recovery, the integral action can be disabled, i.e., k; = 0;
thus using (7),0 = 0 in (1) gives rise to

2 r7 2
AilZ,
’Ul =

1 =

Tu,s
C

11 =11 +muTy s, v =01 —

,Tw ,S
c

1g =11 _mlTv,s; Vg = V1 +

o= —is + kyvs =0. )
From (7) and (8), the optimal gain k,, can be derived as
Ai
(220)\up - mlTu,s>
Vin
)]

 A—
TARZE | T
C

Ad, miTy s .
20in hup = 75

Thus, the optimal gain &, is a function of the input/output
voltage, the sampling time, and Z,.. This can be computed offline
and stored using lookup tables (LUTs) along with the other
necessary parameter information.

2Uin
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The current overshoot 7,4 and the voltage undershoot vy
during load step-up transient can be derived using (5)—(8) as

Z'os — AZ.0)\11p /21)111; Uys = Uref — Vin + Yy

N = \/(vm — Urer)? + A2Z2. (10)

2) Step-Down Transient: In a pulse-width modulated dc—dc
converter under trailing edge modulation, a turn-off to turn-on
transition occurs in synchronism with the rising edge of the
switching clock. This makes it difficult to directly optimize the
(load) step-down transient response. However, an attempt to
optimize k, would certainly improve the performance over the
previously optimized k, during a load step-up transient. Con-
sider a load step-down transient with an initial load current of
101 + Ai, and a step size of Ai,. Then, the optimal gain can
be derived using the similar methodology. After detecting a
(step-down) transient, the converter trajectory moves along the
off-state path from the initial vector (0, Az, ), and then, changes
to the on-state trajectory after intersecting o to reach the final
condition (0, 0). After a load step-down transient is imposed,
instantaneous load current becomes 7,; — A, . Thereafter, con-
sidering the finite (voltage-loop) sampling effect, the on-state
and off-state trajectories can be obtained using (4), which are
simplified as

. . T + ELS AZ-o)hd + mZTv.s
igo =i — MmoT, s, Vog = : '
22 2 24w, 22 2 C 200 2

c 27 2
7Azo Z,
2Ui’n,

. Ay
where 49 = ———Xg; U9 =
21} b b

1mn

A = /4y (Vin — Vyet) — Ai2Z2 (11)
me is the falling slope of ¢.. Similar to a load step-up transient,
a delay due to the finite voltage-loop sampling can be compen-
sated by decreasing the slope of o; thus the intersecting point
(vs1,151) of the off-state trajectory will be modified as

le},s Aio)\d ma ﬂ),s
C 2'Uin 2 ’

(12)
If the integral action is disabled during a large-signal recovery,
using 0 = 0, (1) can be rearranged as follows:

1s1 = tg + MoK, o5 Vs = Vg —

o= —ls + kp’US1 =0. (13)
From (12) and (13), the optimal gain &, can be derived as
Ai
<2 o )‘-d - mZﬂus)
Vi ’
k, = - . 14
! AZ%ZCQ + Tq;,s Aio A mQTUﬁ (1
iy C \2u, " 2

The current undershoot and output voltage overshoot during a
load step-down transient can be derived using (11)—(14) as

Ai, -
= Vos = V 'Urcf2 + AZ(Q;Z(? — Uref -

s = )"7 15
i S (15)

in
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Fig. 3. Load transient response of a synchronous buck converter using the
proposed scheme, highlighting the finite voltage-loop sampling effects.

FE. Effects of Finite Sampling and Transient Detection Delay

Consider the nominal parameter set for the synchronous buck
converter as: Ty, = 5 us, i.e., f, =200 kHz, i, € [1 A, 7 A4],
Ui € [8V, 12V], vyer = 3.3V, L =10 uH, C = 570 uF, the
capacitor ESR 7. 2 10m(2, and the inductor dc resistance
rp = 2.2mf). The same parameter set has been considered for
simulation as well as experimental studies.

It can be found from (9) and (14) that beside the operating
point dependency, the voltage-loop sampling has a strong influ-
ence on k,, which can be accounted by a conservative choice of
gain. The use of uniform sampling at the same rate of the switch-
ing frequency would introduce a delay. This cannot be longer
than the switching period in worst case, which can be compen-
sated by a conservative gain choice using (9) and (14) by setting
T, s = Ts. Thus, a high-sampling A/D converter is not needed.
Interestingly, an existing high-frequency DPWM architecture
would further reduce the worst-case delay because of a smaller
switching period, and the proposed tuning method will be use-
ful. A comparative (simulation) study in Fig. 3 demonstrates
near time-optimal recovery under finite voltage-loop sampling,
which can be achieved by a suitable gain choice using (9) in
comparison with ideal gain choice using (16).

A similar delay may be expected while detecting a (step)
transient, as the load current is uniformly sampled. Also the
pulse-width-modulator can introduce a delay due to the mod-
ulation mechanism, which would result in extra voltage and
current overshoots/undershoots. The effects due to this detec-
tion delay can be compensated by modifying the initial con-
ditions in Fig. 2(a) during step-up and step-down transients as
(A, Ts/C), —Aiy], [—(Ai,Ts/C), Ai,], respectively. Then,
the similar methodology in Section II-El can be extended to
accordingly modify the optimal value of k,. The effect of de-
lay in transient detection is shown in Fig. 2(b) on phase plane,
with gain k; gsR delay derived based on above initial condi-
tions. If the sampling-induced delay and transient detection are
neglected, the overall optimal value of %, can be written using
(9) and (14) as

. A . Aup, for step-up
VNN |

. (16)
for step-down
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Conventional small-signal model-based tuning methods re-
quire to initiate certain online steps to compute tuning pa-
rameters for a given operating point. This takes considerable
amount of time, and such tuning parameters may not be readily
applicable for a large load disturbance. The proposed method
analytically computes the optimal gain k, using instantaneous
values of vy, Vpef, Aly, Z., and F;. This helps to reduce com-
putational resource requirements and time overhead. Also the
performance optimization can be extended much beyond the
local neighborhood of an operating point.

III. ROBUSTNESS AND STABILITY ANALYSIS

A. Effect of Offset in Load Current Information

In practice, a certain degree of inaccuracy exists, while ex-
tracting the load-step information using direct load current sens-
ing or indirect methods as discussed in Section II-C. Similarly,
indirect capacitor current sensing or estimation methods (in
Section II-D) may lead to inaccuracy. Thus, it is important to an-
alyze the robustness of the optimal gain computation by adding
an offset current 7, with the load current 7,. The switching
surface in (1), with k; = 0 is modified as

kp (Vrer — V) — e £ iog = 0. a7

The instantaneous load current after the transient is i, =+ 7o
thus the load step size can be modified to Ai, £ i, and the
optimal gain in (16) will be modified as

for step up
for step down

Py Aup
kp = T o A= P
(Aiy iog) 22 Ads

)Lup = \/4Uinvref - (AZO + ioff)QZ(?

\/4Uin (Uin - vrcf) - (Azn + Zoﬁ)QZ(Q

Thereafter, the effect of sampling and delay in transient detection
can also be included, by replacing Ai, with Ai, £ i,g in (9)
and (14) for step-up and step-down transients, respectively. The
variation in the optimal gain for a given variation in the offset
load current is computed as

ok, F1 FA

Diog A (A £iog)2 22"
For the nominal parameter set as given in Section II-F, the above
analysis shows that the optimal gain deviates by 0.2% from its
nominal value for a 10% deviation in the offset load current.
Thus, the proposed method closely retains the proximate time
optimality in presence of errors in load current information. Fur-
ther, the integral gain is enabled during steady state to minimize
the steady-state error.

Ag = (18)

19)

B. Effect of Integral Gain During Transient

The magnitude of the discrete time integral gain of a practical
design is generally much smaller than that of the proportional
gain; thus the latter primarily drives the large signal recovery.
The job of the integral action is to rather minimize the steady-
state error, and to keep it within the zero-error bin. The use
of an integral gain during a transient recovery would make
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the switching surface in (1) to be nonlinear and introduce an
explicit time-dependent memory element. Thus, it is difficult
to analytically derive the optimal gain k; using phase-plane
geometry. The switching surface in (1) with k; # 0 is written in
mixed-signal representation as

kp (Uret — vo[n]) + wing[n] — e =0 (20)
where the integral term u;,¢ [n] can be implemented as
Uint[n] = wint [0 — 1] + & Ts (Ve — vo[]). (1)
From (20) and (21), it can be found that
(kp + ki Ts) (vrer — vo[n]) + ting[n — 1] —i. = 0. (22)

From (22), the time varying offset term w;,; [n — 1] would intro-
duce extra overshoots/undershoots [also evident from Fig. 2(c)],
which can be compensated by reducing the optimal proportional
gain, as discussed in Section II-E1. A switching surface imple-
mented in (20) and (21) will provide an antiwindup arrangement
by setting a saturation limit on w;y¢. In this proposed scheme, the
integral action is disabled during a large-signal recovery, which
needs to be reinitiated close to the new operating point. Thus,
an additional activation/deactivation arrangement is considered
as follows:

0 = ky (Vret — Vo[n]) + qUine[n] — ic. (23)

This provides an extra flexibility to completely disable the in-
tegral action, and also to store the value of u;,i[n — 1] in the
memory for future use. This can be used as the initial condition
after reinitiating the integral action, which attempts to prevent
an integrator wind up. A voltage hysteresis band Awyy, can be
used to detect a small-signal and/or a large-signal transient for
the activation and/or the deactivation of the integral action.

C. Effect of Resistive Load

Prior analysis was limited to a constant current load. How-
ever, it is important to extend the analysis for a resistive load,
considering I?; and Ry as the load resistances before and af-
ter the transient. Here, the output-voltage undershoot/overshoot
during a large-signal recovery results in a change i, in instan-
taneous load current, which can be derived using the voltage
undershoot v, in (10) as

0ty = Uus/RQ = (Uref — Vin + 7)/R2 (24)
5710/AZ(7 - (vrcf — Uin + 7)R1 /Uref(Rl - RZ) <<1 (25)

wherey = \/ (Vin — Uref)2 + Ai2Z2. The above analysis shows
that in a well-designed converter, the deviation in load current
is insignificant with respect to the load step size; thus the time
optimality conditions for a constant current load will be pre-
served for a constant resistive load. This argument will also be
consistent for a load step-down transient.

D. Effect of Capacitor ESR on Time Optimality

In a practical converter, the capacitor ESR r. plays a crucial
role in performance and stability of the converter, particularly
at a higher frequency range. Thus, it is important to analyze
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Fig. 4. Simulation results highlighting the ESR effects: (a) and (b) are related

to gains computed with and without considering the ESR.

its effects on time optimality and to modify (16) for improving
robustness. Considering the same state vector in (2), the output
voltage v, can be written in terms of x5 as

Vo = Uref — T2 +TC1. (26)

During a step-up transient, the on-time trajectory can be formu-
lated using the same equation (3). Because of the ESR-induced
voltage jump, the initial conditions in (26) need to be accord-
ingly modified, which can be written as

Ti1 = 7AZ‘0, Xi2 = TcAio. (27)

However, the final conditions will remain unaltered. Now incor-
porating both the effects due to the ESR and the finite (voltage-
loop) sampling, the modified state vector (v1 ¢, 1. ), at point of
intersection of the on-time trajectory and the switching surface

o, can be derived using (4) as follows:
(28)

1,c = 1s; Vl,e = VUs —TCX1

where the expression of 7; and v can be found in (7). The state
vector in (28) can be further simplified as follows:

Z'1.,c = is§ Ve =Us —TC [(Aio/2vin) )"up - mlTv,s]~ (29)
At the intersecting point, the switching surface in (1) becomes

o= —i1c+ kprsrvi,c =0. (30

Using (26)—(30), the modified optimal gain can derived as
1 1

= — —r..
kp,ESR kp

(€19}

This shows that the optimal gain &, gsr is sensitive to the capac-
itor ESR. Moreover, the gain needs to be increased with the ESR;
otherwise, it would result in the slower transient performance
as shown in Fig. 4. This is mainly because of the fact that the
ESR would introduce an additional damping in the closed-loop
system. It is also important to note that

1

re < TCcrit = kii
P

(32)

where the critical ESR value r¢ (i is linked with the worst-
case jump (r¢ it X Ai,) in the output voltage during a load-
transient event. Thus, it is desirable that r¢ it X A, should be
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Fig.5. Load transient response of a synchronous buck converter, highlighting
the effects of inductor variation using the proposed tuning scheme.

smaller in magnitude than Av (voltage undershoot/overshoot)
during load step up/down transients with a step-size Ai,,.

Similarly, the optimal gain k, gsr can be derived for a load
step-down transient and Fig. 4 shows the robustness of the opti-
mal gain against the variation in r¢. This shows that proximate
time optimal recovery can be achieved by incorporating the ESR
effect in the gain computation in (31).

E. Robustness Against System Parameters

The proposed tuning method requires system parameter infor-
mation. Thus, it is necessary to analyze its effectiveness under
parameter uncertainty. Nominal parameter values in Section II-F
are considered for gain formulation in (31) during both load
step-up and step-down transients. However, the system param-
eter of a practical converter are expected to vary. If the actual
inductance is 20% smaller than the calculated or the rated value,
the overshoot/undershoot in the output voltage decreases in the
order of 15 mV, but the time-optimal recovery is closely re-
tained as shown in Fig. 5. Similarly, for the actual inductance
with a 20% larger magnitude, the voltage overshoot/undershoot
increases in the order of 20 mV. A smaller inductance increases
the current overshoot, which may saturate the inductor core. An
upper limit can be easily set in digital CMC to limit the peak
inductor current. However, this would increase the settling time
[3], and a tradeoff can be made using an upper current limit and
the settling time.

Consider a £20% variation in the actual capacitance of the
buck converter; however, the nominal capacitance value is used
for the gain computation. Fig. 6 shows that for a (load) step
size of 5.34 A, the voltage overshoot/undershoot increases or
decreases in the order of 15 mV for a 20% decrease or increase
in the actual output capacitance. Moreover, the proposed tuning
closely retains proximate time optimal recovery for a consider-
able variation of system parameters.

F. Large Signal Stability Analysis

The switching surface in (1) with k; = 0 divides the state
space in such a way that the equilibrium points of either of the
on-state or the off-state trajectories are located in the other sides
of the switching surface. This satisfies the necessary condition
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Fig. 6. Load transient response of a synchronous buck converter, highlighting
the effects of output capacitor variation using the proposed tuning scheme.

[37]-[40] for large signal stability. Referring Fig. 2, a horizontal
switching surface in a buck converter would be in the reflective
region and acts as sliding mode control with a slower response
time. A vertical surface will be in the refractive region, which
would also be stable. Only the surface with a negative slope
in Fig. 2 would, however, make a positive feedback system
and result in an unstable operation. In the proposed tuning with
transformed state variables, the slope was positive over the entire
operating range, even considering all the practical aspects. This
would remain in the refractive region and ensure large-signal
stability [41]. The stability condition for the trajectory to hit the
switching surface is offi—‘t’ < 0, and the on-state trajectory needs
to satisfy
L

Vin — Uref + T2 > *kp axb (33)
For the off-state trajectory, acfi—‘z > (0 ensures a refractive bound-
ary, while the condition Ucfl—(t’ < 0 is responsible for a sliding
mode operation. Because of time-optimal recovery, the proposed
scheme considers the former condition (evident from Fig. 2), and
the off-state trajectory should satisfy

Vref — T2 < Ky (34)

55(}1 .
Large signal stability can also be ensured for the refractive
and reflective modes using direct Lyapunov approach [37]. A
transition from the refractive to the reflective or the rejective
region will occur, when either the on- or the off-state trajectory
is tangential to the boundary, and the condition becomes

dry _ do
Pdt dt
The locus of transition points around the operating point (0, 0)

can be obtained using (36) and (37) in the on- and the off-states,
respectively, as

=0. (35)

LI‘] (xl + io) (36)
L$1 (I’l -+ lo) (37)

C (Vin — Vyef + T2) (Vrer — T2) =
C(IQ - Urof)(vrcf - 1’2) ==

Based on the aforementioned analysis, large-signal stability was
found to be satisfied for a wide deviation of the optimal gain, to
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accommodate the effects due to all practical limitations, for the
entire operating region.

IV. HARDWARE IMPLEMENTATION

A buck converter prototype has been made, and the proposed
control is implemented using an (Vertex-5) FPGA device. The
nominal parameter set in Section II-F is considered for the exper-
imental investigation. The time period of the FPGA controller
clock is taken as ¢, = 10 ns. For the prototype signal condi-
tioning circuits, two 10-bit differential pipeline A/D converters
(AD-9215) are considered for sampling both the output voltage
and the load current. However, one ADC would be enough for a
stand-alone digital controller which would require an extra ana-
log MUX. The ADC uses a differential amplifier (AD-8138) to
convert the single ended output voltage into differential form for
the reduction of common-mode noise. The output of the digital
compensator v, [n] is added with the digitized load current i, [n]
(shown in Fig. 1). The output is then converted into an equivalent
analog voltage v4 by using a 12-bit D/A converter (AD-9762)
followed by a differential amplifier (AD-8130). A high-speed
comparator (TLV-3501) is used to compare v4 with the sensed
inductor current i . The comparator output is then latched, and
the dead-time circuit generates the respective gate signals. A
10 m2 current sense resistor is used to sense i, followed by a
current sense amplifier (ADM-4073). Although over-rated dis-
crete components are used for the hardware implementation, the
design can be substantially optimized for stand-alone (system
and IC level) implementation.

The voltage loop is sampled at the rate of twice the switch-
ing frequency during large-signal recovery, when the integral
action is disabled. Even with D < 0.5, sub-harmonic instability
was found at steady state, due to the effects of finite sampling,
capacitor ESR, and computation delay. At steady state, beside
the activation of the integral action, an additional ramp com-
pensation is found to be sufficient to ensure fast-scale stability.
In the experimental setup, all the load transient events and the
switching frequency clocks are synchronized with respect to the
FPGA clock.

For the input voltage range of 8—12 V, the variation of the
optimal gain in (31) was found to be insignificant. Thus, &,
has been computed offline for different load step sizes, and the
computed gains with respective step sizes are stored using LUTS
in the FPGA device.

A. Load Transient Performance: A Comparative Study

1) Relay-Based Tuning: Fig. 7(a) shows the load step-up
transient of a buck converter using the relay-based tuning [13].
This results in 100-ps (or 20 cycles) settling time, 260-mV
(output) voltage undershoot, and 1.5-A current overshoot.

2) Proposed Tuning: Under the test conditions as in
Fig. 7(a), the load transient performance using the proposed
tuning is shown in Fig. 7(b). This demonstrates fast transient re-
covery with 20 us (or four cycles) settling time, 160-mV voltage
undershoot, and 2.5-A current overshoot for a step-up transient.
The proposed scheme improves the settling time by nearly five
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Fig. 7.

Load transient response of a synchronous buck converter from 1 to 6 A, and vice-versa at 12 V input: (a) Step-up response using the relay-based tuning;

(b) Step-up response using the proposed tuning; (c) Step-down response using the proposed tuning.
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Fig. 8. Load transient response of a synchronous buck converter using the proposed scheme: (a) Considering optimal gain for step-up throughout; (b) Step-up

response highlighting the effect for a 20% reduction in optimal gain; (c) Step-up response highlighting the effect for a 20% increase in optimal gain.

fold compared to the relay-based tuning approach [in Fig. 7(a)].
However, the current overshoot increases using the proposed
scheme. For a load step-down transient, Fig. 7(c) shows that the
proposed tuning results in 20-us settling time, 220-mV voltage
overshoot, and 1.6-A current undershoot. Moreover, the pro-
posed tuning achieves proximate time optimal recovery for both
load step-up and step-down transients using respective optimal
gains in (9) and (14).

B. Effect of Optimal Gain Variation

It is apparent from (9) and (14) that the optimal value of k,, is
sensitive to power circuit parameters which are subject to vary
within a tolerable range. For example, the nominal inductance
value may decrease as the current flowing through it increases.
Thus, k, which is computed using the nominal parameter set is
expected to deviate from its optimal value. It is, therefore, im-
portant to investigate the performance using the proposed tuning
for a deviation in k,, from its optimal value. Fig. 8(a) shows the
load transient response using the optimal gain for step up (9)
used throughout. It results in a longer settling time of 30 us for
a step-down transient, as vyof <(vin — Urer ). Thus, a higher gain
is needed for further improvement. Fig. 8(b) shows the load
(step-up) transient with a 20% reduction in k, from its com-
puted value. The performance is more or less optimal. However,
a further reduction in k, would slow down the performance.
Similarly Fig. 8(c) shows the load (step-up) transient response
for 20% increase in k, from its computed value. The current and

voltage overshoot increases significantly as seen in Fig. 8(c). It
is reasonable to consider the gain deviation up to =10 % of its
computed value, and the proposed tuning was found to retain
the proximate time optimal recovery.

C. Effect of Finite Voltage Loop Sampling and Detection
Delay

Fig. 9(a) shows the effect of finite voltage loop sampling with
F, = 2F, using ideal gain computation in (17). This results
in 3.5-A current overshoot and 160-mV voltage undershoot fol-
lowed by an additional 100-mV voltage overshoot. Compared
to Fig. 7(b), the settling time also increases to 30 us. This is
primarily because of ignoring the finite sampling effect in the
gain computation in (16). Similarly, Fig. 9(b) shows the effect
of delay in transient detection along with sampling effect, where
the delay is approximately one switching cycle. Gain compu-
tation based on (16) results in 4-A current overshoot, 250-mV
voltage undershoot followed by an additional 120-mV voltage
overshoot. Incorporating the worst-case switching delay in (9),
time-optimal recovery is almost achieved in Fig. 9(c). Fig. 10
shows the load transient performance in a buck converter using
the proposed scheme, considering different load steps from 1 to
3.75 to 6 A. Based on the load step size, the optimal values of
k, are selected from the LUTSs. The figure justifies that the pro-
posed tuning achieves proximate time-optimal recovery under
frequent load-transient events.
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proposed scheme, considering different load steps from 1 to 3.75 to 6 A, and
vice-versa at 12 V input.

Above experimental results clearly demonstrate that the pro-
posed tuning can achieve ultrafast recovery using a fixed-
frequency modulator, even under the finite voltage-loop
sampling, a delay in transient detection, and also in presence
of the model uncertainty within an acceptable range.

D. Efficiency

The efficiency of a dc—dc converter is generally considered at
steady-state conditions; however, frequent transients can consid-
erably affect the overall efficiency. This is particularly important
when the transient step-size increases. Thus, it is important to
minimize the switching events during a large-signal recovery.
The time-optimal recovery involves one switching action which
can drastically reduce the switching and the driver losses. Multi-
ple switching actions using a conventional (small-signal based)
tuning method can reduce the overall efficiency. For v;,, = 12V,
1, = 5 A, and the load-step frequency of 1 kHz, the measured
efficiency using the proposed tuning was found to be 90.6%,
whereas 86.70% efficiency was achieved using the relay-based
tuning. The (efficiency) improvement fold using the proposed
scheme is expected to further increase with the load-step fre-
quency.

In summary, the proposed approach considers a simple first-
order switching surface in [24], which resembles a digitally
CMC buck converter with a proportional voltage controller. The

objective is to analytically derive the optimal proportional gain
which is aimed to achieve near time-optimal recovery using
a fixed-frequency PWM controller only. Compared to existing
hybrid controllers, the proposed method eliminates the need for
additional controllers and extra antiwindup arrangements. The
derived gain is a function of load step size, input and output
voltages, characteristics impedance, and sampling period. This
provides design insights and guidelines for a conservative gain
choice under finite hardware resources, time delays, and the
capacitor ESR.

V. CONCLUSION

A geometric tuning method was proposed in a digitally CMC
buck converter which uses a PI voltage controller. The pro-
portional gain was analytically derived using the phase-plane
geometry, which was able to achieve proximate time optimal
load transient recovery. The effects of the finite voltage-loop
sampling, the transient-detection delay, and the capacitor ESR
were analyzed. A buck converter prototype was made, and the
proposed tuning was implemented using an FPGA device. Test
results demonstrate significant performance improvement using
the proposed tuning over the conventional small-signal-based
tuning approach. The proposed method can be extended for
other dc—dc converter topologies to achieve proximate time op-
timal recovery using a fixed-frequency modulator.
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